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The key findings and outcomes from this project are 
outlined below.
Survey and assessment of published information •	
on Victoria’s estuaries revealed that existing data, 
especially for water quality and biota, do not cover 
spatial and temporal extents, or resolutions, to allow 
estuarine condition to be determined.
A full bibliography of published estuarine research for •	
Victoria is now available for the first time.
Detailed GIS analysis has produced physical and threat •	
information for fluvial and estuarine catchments for all 
83 Victorian estuaries longer than one kilometre. The 
complete spatial layers and associated metadata are 
now available for researchers and managers.
Testing a range of existing classifications, based on •	
physical and threat information for estuarine and 
fluvial catchments, indicated that the groupings 
of Barton (2006) – west-facing open coast, east-
facing open coast, south-facing open coast, and 
embayment – are the best currently available classes 
for estuarine management and policy development. 
Better classifications await water quality and biological 
data collected across reasonable spatial and temporal 
extents.
The lack of adequate water quality and biological data •	
across enough estuaries and over a reasonable time 
period precluded tests of causal links between specific 
threats and indicators of estuarine condition based on 
broad-scale correlations using existing data.
This project identified and lead to new field studies •	
to collect data linking threats to possible condition 
measures. A range of sediment and water quality 
characteristics have been measured for estuaries 
with different local population densities, representing 
different levels of human impact. These surveys will 
be repeated over at least two seasons to test whether 
sediment and water quality indicators can be predicted 
from levels of human activity along the coast. These 
projects will be completed by Deakin University.
The highest priorities for future work are to develop •	
a framework for measuring estuarine condition, 
analogous to the Index of Stream Condition and then 
to examine relationships between specific threats and 
indicators of ecological condition. When this has been 
addressed, targeted and effective catchment-based 
management of threats to estuaries will be possible.
Estuaries provide a critical link between freshwater 
ecosystems and the inshore marine environment. 
Estuaries are affected by human activities in both 
their upstream and local catchments. In particular the 
following are thought to be the broad major threats to 
environmental condition of Victoria’s estuaries: 
Changes to patterns of fluvial catchment land use, •	
Modifications to flow regimes, •	
Increasing urbanization of coastal regions (the “sea •	
change” phenomenon) including commercial and 
recreational activities, 
Modifications to the estuary mouth. •	
To assess the relative importance of these different 
threats, and to mitigate their impacts on estuarine 
condition, we need to determine the number and size of 
Victoria’s estuaries, how they function and the risks posed 
by major threats. Such an assessment requires detailed 
information on their:
structural components (e.g. bathymetry, flow, mouth •	
state), 
physicochemical components (e.g. water quality), •	
biological components (plants, invertebrate and •	
vertebrate animals) ,  
the threat characteristics (e.g. land use, population •	
density) of their upstream and local catchments. 
Estuarine management and monitoring at the regional 
scale is still a developing science in Australia, particularly 
in smaller, temperate estuaries. To assess if the available 
information could be used to provide a basis for 
classifying similar groups of estuaries and then to develop 
measures of estuarine condition this project catalogued 
and evaluated all the published and a lot of the 
unpublished data collected from Victorian estuaries. Our 
conclusions were that there has been limited systematic 
collection of baseline biophysical data across the range 
of Victoria’s estuaries, with water quality and biological 
information being particularly sparse. Some estuaries 
(e.g. the Hopkins) have been reasonably well-studied 
but not in any coordinated fashion, and most studies are 
based on single time or very short time series sampling. 
The physicochemical and biological data were neither 
extensive nor reliable enough for classifying estuaries 
into management groups or measuring environmental 
condition. However the survey of published research and 
data did result in the first comprehensive bibliography of 
Victorian estuarine research.
The direct links between a threat to a particular type 
of estuary and the condition of that estuary type need 
to be understood. With more than 110 estuaries in 
Victoria, short-term management and mitigation of 
threats requires groups of estuaries that behave similarly 
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to be identified (a procedure termed classification), such 
groupings also allow the transfer of understanding from 
well-studied estuaries within the group to other similar 
estuaries. Different estuary groups would be expected 
to have different responses to similar threats and similar 
responses within groups. Grouping estuaries based 
on their biophysical characteristics, which presumably 
influence their ecological condition, allows the most 
important threats to each group to be identified.
Classification of functional groups of estuaries is the 
basis of many management and monitoring programs 
world wide. These classifications are developed from 
an extensive understanding of the commonalities and 
differences of the estuaries, built from detailed studies 
and sampling of the component parts of the estuaries, 
i.e. geomorphology, hydrology, ecology. The survey of 
published research for this project revealed very limited 
hydrological, chemical (water quality) and biological 
data making an attempt to classify estuaries based on 
direct measures of condition impossible for Victorian 
estuaries. Instead, broad physical aspects of an estuary 
and its estuarine (local) and fluvial (upstream freshwater) 
catchments were used as proxies for the major driving 
forces that influence the ecological functioning of an 
estuary. Classification based on readily available physical 
measures such as size, climate and geology were assessed 
instead to see if there was a useful physical classification 
to group estuaries. No viable statewide grouping of 
systems that are likely to respond to threats in a similar 
way emerged from this classification.  
An assessment of previous classifications using the derived 
physical measures from the ‘functional’ classification 
showed that a simple system based on Barton (2006) 
best matched the derived physical information. The 
classification based on Barton (2006) grouped estuaries 
into four classes (west-facing open coast, east-facing open 
coast, south-facing open coast, and embayment). Until we 
have more extensive water quality and biological data, this 
grouping still provides the best classification of estuaries 
for management and policy purposes.
This project used GIS methods to analyse existing data 
from reports, maps and high resolution spatial information 
to derive the information needed for assessing possible 
physical and threat classifications of Victoria’s estuaries. 
Fundamental information was systematically collated 
for the first time for the 83 Victorian estuaries longer 
than one kilometre. In order to derive the data the 
upstream limit (or head) and the downstream limit (or 
mouth) of each estuary had to be identified from existing 
information.  Physical information (length, area, perimeter) 
was then derived for each estuary.  From the head and 
mouth locations, boundaries of both fluvial and estuarine 
catchments then were defined through GIS based 
hydrological modelling. This resulted in GIS base layers 
along the coast that were used to derive physical (rainfall, 
geology, area, perimeter, mean elevation and slope) 
and threat (land use, population density) information 
for the catchments of individual estuaries. In addition 
to GIS-derived information, mouth status (permanently 
of intermittently open to the sea) and Index of Stream 
Condition scores were used in the classification analyses to 
group estuaries by threatening processes.  
Limited water quality and biological data covering a 
reasonable spatial extent and representing more than one 
season or year precluded analyses to measure estuarine 
condition and test for correlations between specific threats 
and indicators of ecological condition. Consequently it 
was not possible to fully prioritise the threats to Victorian 
estuaries. The derivation of detailed information on the 
number and size of Victorian estuaries, their physical 
characteristics and the human activities within their fluvial 
and local catchments provides an invaluable resource 
for threat prioritization in the future. To address the 
issue of linking specific threats to indicators of estuarine 
condition, this project identified and lead to two new 
field studies. The first capitalised on existing sediment 
samples from a range of Victorian estuaries. Processing 
of these samples has commenced to assess if there is a 
link between sediment characteristics and population 
densities derived in this project. Barton (2006) and Edgar 
et al. (2000) both recommended that sediments were 
likely to be good indicators of effects of human activity on 
estuaries. The second involves sampling and comparing 
water and sediment characteristics in two groups of four 
estuaries with very different levels of coastal development 
along the Great Ocean Road. The aim is to collect data 
across a number of seasons. Both studies should allow the 
first comprehensive tests of causal links between threats 
and estuarine condition in Victoria. These projects will be 
completed by Deakin University.
Results of the project should encourage improved 
management of estuaries in Victoria. Enhanced 
knowledge of the physical characteristics and patterns 
of land use and population density for estuaries and 
their upstream catchments is available for application in 
risk assessment, planning, and prioritisation activities. 
The validation of four broad estuarine categories can be 
used to develop management strategies across multiple 
estuaries based on transfer of our current understanding 
of estuarine function between those systems. The 
importance of estuarine catchments (as opposed to 
vfluvial) to condition of estuaries has been reinforced and 
these areas, as identified in the spatial data, should be a 
focus for activities that aim to maintain and improve the 
condition of estuaries. Other benefits from this project 
include improvements in the knowledge of estuarine 
extent, establishment of the value of the Index of Stream 
Condition for summarising upstream threats, and the 
bibliography of research on Victoria’s estuaries which 
provided impetus for a statewide consensus across natural 
resource management agencies on estuarine research 
priorities in late 2007. Once a framework for measuring 
estuarine condition is designed and field data collected, 
predictive models linking estuarine condition to the range 
of threats arising from human activities in the local and 
upstream catchments of estuaries can be developed 
for use in an effective, targeted and truly adaptive 
management regime.
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Figure 1:  Threats to estuaries: (a) land use, (b) flow modification (c) coastal urbanization including  
(d) commercial and recreational activities and (e) and (f) mouth modification [(e) supplied courtesy 
Parks Victoria]
Estuaries, as places where fresh and marine waters 
interact, are impacted by the degradation of, and 
alteration to, both these components. Changes to land 
use and decline in the freshwater or fluvial catchment 
condition are associated with increased loads of sediment, 
nutrients and toxicants to the estuary (Harris, 2001). 
Land use changes in the fluvial catchment that result in 
large water supply dams, farm dams, flow diversion and 
extraction alter both the amount and timing of flow of 
fresh water into estuaries (Gillanders & Kingsford 2002, 
Pierson et al. 2002). Recent and intense land use changes 
have occurred on the coast in the immediate vicinity of 
estuaries and in the catchment of the estuary that drains 
into the estuary directly (Table 1). The catchments of 
estuaries are being increasingly urbanized resulting in:
more intense recreational and commercial activity,•	
a greater extent of impervious surfaces (changing •	
hydrology, including increasing variability in flow rate),
creation of point source inputs (storm water drains), •	
the loss of connectivity to floodplains (built banks, •	
wetland reclamation), 
increased pressure on estuarine resources.•	
Types of human alteration to the natural functioning of 
estuaries can be broadly separated into four major groups 
(Figure 1): 
changes to land use and catchment degradation, •	
changes to freshwater inflows, •	
coastal urbanization (including increased recreational •	
and commercial use and physical modification of 
waterways),
modification of entrances/opening of mouths. •	
Some types of alteration act through more than one 
of these groups, such as climate change which affects 
aspects of all four groups.
Introduction and background
2Determining the effects and relative importance of each 
of these major threats to estuaries is difficult, and we do 
not fully understand the consequences of these threats. 
The majority of research on these impacts has been 
conducted on large estuaries in the northern hemisphere, 
where the freshwater flow is much more predictable than 
in south-eastern Australia. It is uncertain how transferable 
overseas findings are to temperate Australian, particularly 
Victorian, estuaries. In addition, very few temperate 
Australian estuaries have been well studied and there are 
limited data available to try and identify the effects of 
these major types of alterations.
While all these forms of alteration are likely to be 
important, local estuary managers have placed particular 
emphasis of entrance management. More than half 
of Victorian estuaries have entrances that are naturally 
closed by sand bars from time to time, which may make 
their ecosystems more vulnerable to human threats. The 
frequency and duration of estuary mouth closure may 
have also changed with altered land use and hydrology, 
as reduced flows tend to reduce the frequency of mouth 
opening (Table 1). The inundation of land and built 
structures around closed estuaries can lead to pressure 
for artificial opening, the consequences of which can be 
catastrophic (Barton & Sherwood 2004). Large fish kills 
have occurred due to artificial opening when oxygenated 
freshwater on the surface has drained quickly out of 
the estuaries, leaving fish and other aquatic organisms 
stranded in low oxygen, saline bottom waters (Barton 
& Sherwood 2004). The full consequences of artificial 
mouth opening, such as the physical loss of habitat to 
birds, fish and other aquatic organisms for feeding and 
breeding, are poorly understood and documented.
The importance of estuaries as the key ecosystems 
linking catchments and coastal zone environments has 
renewed focus on estuaries for research and management 
in Victoria. The understanding of estuaries and their 
links both upstream and into the ocean is still limited, 
especially for the seasonally closed (intermittent) estuaries 
common along the Victorian coastline. It is critical for 
estuarine management that estuarine condition can be 
linked to various natural and human disturbances and to 
management interventions at relevant spatial and temporal 
scales. A conceptual framework for Victorian estuaries that 
links the four main types of threat – catchment condition, 
river flows, urban and coastal development (including 
recreational and commercial use) and mouth state – to 
the ecological condition of estuaries in Victoria is needed. 
Appropriate indicators of both the threats to estuaries 
and their responses need to be developed. It needs to be 
recognised that some indicators will be responses at one 
scale but threats at another. For example, whether the 
mouth is open or closed will in part be a response to flow 
conditions but will also be a driver of water quality and 
some of the biota in the estuary.
This project evaluated the threats to Victorian estuaries 
from human activities and whether groups of similar 
estuaries could be identified to facilitate management and 
further research. It is the first step in developing guidelines 
for integrated management of physical and ecological 
systems that affect estuaries, from catchments to the 
sea. The overarching aim of this project was to provide 
information on how human activities affect Victorian 
estuaries with a view to devising best practice guidelines 
for managing estuaries into the future. Specifically, the 
project developed and initiated testing methods for linking 
estuarine condition to catchment characteristics, flow 
regime, coastal development, mouth state and estuary use. 
The research outputs will provide estuary managers with 
information about activities associated with their estuaries 
to improve the assessment of risks to estuarine/marine 
environments and provide for reporting of progress to 
address threats and protect estuarine values.
Unlike many other studies, which have focused on one 
or a few generally larger systems, this project aimed 
to encompass estuaries and their catchments across 
the state. Because of this the definition of estuaries 
deliberately excluded major bays (Port Phillip, Western 
Port, Corner Inlet) and rather addressed each ‘child’ 
estuary running into these bays separately. The Gippsland 
Lakes and their child estuaries were excluded from this 
project because of their unique and complex physical 
nature (and hence lack of comparability to other regions).  
All major bays and the Gippsland Lakes are also relatively 
well known compared to the numerous and poorly 
understood riverine estuaries elsewhere in the state.
Four specific tasks were included in the project.
Review and collate information on Victoria’s estuaries.1. 
Review national and international literature on 2. 
indicators of estuarine condition and causal links 
between human activities and estuarine condition.
Review and expand Victoria-wide estuarine classification.3. 
Determine cause-effect relationships between human 4. 
activities (land use, freshwater inflows, coastal 
development, mouth state) and the condition of 
estuaries.
This final report is structured so that Section 1 includes 
tasks 1 and 2, Section 2 summarises the classification of 
Victoria’s estuaries and Section 3 describes information 
collected on catchment land uses and research initiated to 
test the effects of different threats to estuary condition. 
3Two tasks of this project were to review the literature 
on links on ecological responses of estuaries to threats 
and to collate available physical, chemical and biological 
information on Victoria’s estuaries. The published work 
on Victoria’s estuaries is summarised below, linked to the 
specific estuaries that were studied. Appendix 1 is a full 
bibliography of well-studied estuaries and Appendix 2 
summarises some of the data requirements for assessing 
estuarine condition. 
The broader literature on links between possible indicators 
of estuarine condition and human activities is limited, with 
little based on Australian estuaries, and few references 
that specifically report on research linking estuaries and 
threats from Victoria. It is also significant that there are few 
papers or reports on research that was explicitly designed 
to test for links between threats, such as from upstream 
or estuarine catchments, and ecological components of 
estuaries. While the importance of integrating terrestrial, 
freshwater and coastal management in now recognised 
(e.g. Tallis et al. 2008), scientists still primarily study 
separate ecosystems and links between ecosystems (such 
as catchment effects on estuaries) are not often considered 
in the design of the research. 
The increasing urbanisation of coastal zones in developed 
countries has also resulted in a re-appraisal of restoration 
targets for estuaries and greater recognition of humans as 
integral parts of estuarine ecosystems (Weinstein 2008). 
Generally, however, methods for identifying links between 
specific threats to estuaries, and their ecological condition, 
are still undeveloped (see Scanes et al. 2007; Rodriguez 
et al. 2007) and will require the transfer of tools and 
expertise from better studied freshwater and terrestrial 
ecosystems. An overview of possible physical, chemical 
and biological responses to threats for estuaries typical of 
the Victorian coastline is summarised in Table 1, based on 
published work by (Deeley & Paling, 1999; Barton, 2003; 
McGwynne & Adams, 2004; Barton, 2006). It is clear from 
Table 1 that most threats can result in predicted responses 
to geomorphology, water and sediment quality, biota 
and ecological processes. Biotic responses may also occur 
indirectly from specific threats, e.g. benthic invertebrates in 
estuaries may be negatively affected by agriculture in the 
catchment but this is via changes to sediment characteristics. 
Most of the links between threats and responses in Table 
1 are derived from work in single estuaries over short 
time scales or are based on untested conceptual models. 
Nonetheless, Table 1 should assist estuarine researchers and 
managers in identifying potential links between threats and 
likely environmental responses in their estuaries.
The focus of the collation of information collected as 
part of research projects on Victoria’s estuaries was the 
estuaries proper and did not specifically include their 
estuarine (the catchment that drains directly into the 
estuary) and fluvial (freshwater catchment that drains 
into the head of the estuary) catchments. This collation 
also provided an up-to-date bibliography on previous 
research on Victoria’s estuaries. Catchment data were 
collated using available spatial layers as part of the estuary 
classification and are presented in Section 2.4.
The initial aim of this task was to collate the available 
data so that it could be incorporated into a data base 
compatible with storage in a GIS and to acknowledge 
but not duplicate the existing widely available data from 
OzEstuaries, Mondon et al. (2003) and OSRA (2001). 
OzEstuaries is a national website that provides map-
based information on Australia’s estuaries, primarily 
derived through the broad scale mapping undertaken 
in the National Land and Water Audit (NLWRA, 2002). 
Mondon et al. (2003) sampled all estuaries west of Port 
Phillip Bay in low and high flow in 2001 as a classification 
and condition assessment project. The Oil Spill Response 
Atlas (OSRA, 2001) is an electronic GIS-based document 
that tries to bring together in the one place all coastal 
information that would assist in responding to oil spills. 
This current project, collating Victorian estuary data, was 
seen as complementing these projects and the Estuary 
Entrance Management Support System (EEMSS) (Arundel, 
2006), the recent DSE Estuary Assets project (Arundel, 
2007), and the Western Coastal Board’s pilot GIS project 
on Recreational Fish Assets in the Glenelg Hopkins CMA 
(Pope et al., 2007). Extensive discussions were held with 
the principal investigators of these projects, and their 
information on Victorian estuaries has been incorporated 
into this report.
Although Port Phillip Bay and Westernport Bay estuaries 
were not specifically addressed in this report they were 
the focus of a concurrent Melbourne Water project 
(Arundel & Barton 2007), and data and information have 
been shared between projects. The complex physical 
nature of the Gippsland Lakes means that they are unique 
in Victoria. They have been the focus of many previous 
reviews (Harris et al., 1998; Webster et al., 2001) and are 
also not included in this review. 
This data collation component of the project built a 
comprehensive picture of the current knowledge of our 
estuaries and highlighted estuaries that have been well 
studied and data sets that have a wide spatial coverage. It 
has also provided a spatially-referenced database so that 
other estuary researchers could access the available data 
and better plan their research. As such, the primary focus 
was to gather information on what research has been 
done, in which estuaries, and where in the estuary from 
Section1: Information on Victorian estuaries
4published theses, reports, and scientific papers. Appendix 
3 contains a list of organizations and individuals that were 
contacted during the collation of estuary information.
Desirable basic knowledge about each estuary includes:
the position of its upstream extent (estuary head),•	
mouth position and status (including closure •	
frequency),
bathymetry/volume,•	
a comprehensive understanding of water/tidal •	
exchange,
whether there was an active flow gauge above the •	
estuary. 
The level of detail and data reliability from each research 
project were identified, where possible. This included an 
assessment of whether the site/estuary was sampled only 
once or many times inter-annually. 
Unfortunately, the information listed above was not 
available for most estuaries, even those for which had 
been the focus of one or more studies. For example, 
detailed assessment of 34 Deakin Honours theses based 
on estuarine research projects showed that the level of 
description of the estuary and the sites studied varied 
considerably depending not only on the question being 
considered but also between different researchers. 
Identifying the sites by latitude and longitude was not 
possible for most projects. Typically it was only possible 
to identify if the site was in the upper, middle or lower 
estuary, regions which were not always well defined. This 
difficulty in identifying the research sites was not limited 
to theses and also occurred in published papers, where 
the author would need to be contacted to establish the 
exact position of the site. This limited the cross-study 
comparability of the collated data and its potential to be 
stored in an accurately georeferenced system.
There are a few multi-estuary studies that provide a basic 
comparative description of Victoria’s estuaries. Mondon et 
al. (2003) considered 46, Barton (2006) 30, Moverley and 
Hirst (1999) and Hirst (2004) 19, NLWRA (2002) 39 and 
OSRA (2001) 125. Bird (1993) provides a comprehensive 
description of the Victorian coastal geomorphology. 
Short (1996) provided a uniform description of beach 
morphology and coastal energy. NLWRA (2002), as 
reported in OzEstuaries, collated species lists of fish 
derived from the state Aquatic Atlas, but no description 
of the number of surveys or effort was available. Data for 
specific estuaries exist within DPI’s Marine and Freshwater 
Systems research group (PIRVic) but are not widely 
available and it was not feasible to collate them for this 
report. Birds Australia conducts twice yearly surveys in 
selected Victorian estuaries. To date 163 surveys have 
been conducted and the data are available from the 
organization, but it is unclear how much consistency in 
identification, habitats and effort there is between surveys 
and between estuaries.
The best long term bird habitat use data are from 
Painkalac estuary collected by Pauline Reilly (1998). Other 
flora and fauna databases exist, such as the Atlas of 
Victorian Wildlife which is GIS-based and can be searched 
by defined area, such as catchment boundaries. The Atlas 
gives a summary of the number of surveys conducted, a 
list of birds, mammals, reptiles and amphibians found, the 
number of times they were found, their last sighting and 
their conservation status. Likewise, a GIS-based search 
of Ecological Vegetation Classes (EVC) can be made, 
however the resolutions of both data bases are relatively 
coarse, with data collected at a very broad spatial level 
(kms) and with comparatively few estuary-specific or fully 
aquatic vegetation classes described which limits their use 
for smaller estuaries.
Freshwater quality has been measured in the reach 
immediately upstream of the estuary for the larger 
estuaries, collected as part of State Government 
long-term monitoring, and is available on the State 
Government Water Data Warehouse (<http://www.
vicwaterdata.net/>). The warehouse provides summary 
information including the duration and frequency of 
sampling. The most recent statewide survey of the Index 
of Stream Condition (ISC) (2004), available at www.
vicwaterdata.net/isc, provides a valuable summary of 
the catchment and freshwater condition immediately 
above those estuaries.
Consultation with Geoscience Australia has determined 
that the remote satellite mapping of sediment facies 
reported in NLWRA (2002), which forms the basis of 
OzEstuaries, was not ground-truthed for Victorian 
estuaries. Cross checking of these data with Mondon et 
al. (2003), Barton (2006), and Pope (2006) has shown 
many large discrepancies in the size of the estuaries and 
facies. This is not unexpected given the remote mapping 
was done at a national scale but then applied to Victoria’s 
small estuarine systems. Because of these discrepancies 
it is recommended that the Victorian estuary data in 
NLWRA (2002) and OzEstuaries be used with caution. Its 
strengths are in national comparisons of large estuaries, 
not regional comparisons of the numerous small, 
intermittent Victorian estuaries. OzEstuaries also contains 
estuary specific reports with information such as modelled 
sediment loads, however they are not available for most 
Victorian estuaries. 
51.1 Description of data collected in Victorian 
estuaries
Various authors have identified the lack Victorian 
estuary data sets for assessing changes in environmental 
condition (Barton, 2003; Sherwood & Fenton, 2003; 
Barton & Sherwood, 2004; GHD, 2005; Molloy et al., 
2005; Arundel, 2006; Barton, 2006). Many studies 
have focused on the entire estuary (e.g. Kelly, 2000; 
Kelson, 2003), but a lot of information about the 
physical characteristics of Victorian estuaries lies in the 
complementary data collected as part of species-specific 
studies (e.g. Newton, 1994; Walsh, 1994). A summary of 
well studied estuaries can be found in Appendix 1.
Since late 2003, the Glenelg Hopkins Catchment 
Management Authority (CMA) has commissioned 
Theiss Environmental Services to conduct estuary water 
quality monitoring in six estuaries (Glenelg, Surry, Fitzroy, 
Yambuk, Merri and Hopkins). Multiple sites are sampled 
within the estuary, as well as one freshwater site. The 
data and program were recently reviewed, with the 
recommendation made that entrance state needed to 
be monitored (Sherwood, 2006). Habitat and detailed 
bathymetric mapping has also been carried out in the 
Glenelg, Yambuk and Surry estuaries, with the rest of 
GHCMA estuaries to follow (G. Jeffries, GHCMA, pers. 
comm.). 
Corangamite CMA has been focusing on individual 
estuary issues and on-ground works. It is leading 
the current EFLOWs project to develop a method for 
determining estuarine environmental flow needs. A draft 
method which uses physical data (hydrology – including 
mouth status and bathymetry), water chemistry and 
expert opinions on ecology is currently being trialled 
in the Gellibrand and Werribee estuaries (Hardie et al., 
2006). The Corangamite CMA has also developed an 
Estuary Watch program to monitor mouth status and 
water chemistry of estuaries and to increase community 
estuary education and involvement (Pope & Wynn, 2007). 
Work has begun on a web-accessible database for this 
program and on further development of data quality 
control processes. Melbourne Water has recently received 
a collation of data and information for Port Phillip Bay and 
Western Port estuaries (Arundel & Barton, 2007).
An audit of Gippsland estuaries (GHD, 2005)
commissioned by the West Gippsland CMA for the 
development of the Gippsland Coastal Action Plan (CAP) 
collated basic physical and threat information but did 
not identify specific studies on individual estuaries. Since 
2001, as part of Waterwatch, West Gippsland CMA has 
coordinated a water sampling program in the Franklin 
and Tarra estuaries which enter Corner Inlet. The primary 
focus of this work is Corner Inlet itself and the freshwater 
running into it. Sampling of surface waters is weekly, with 
good quality control and assurance. Bottom waters are 
not sampled. Data are available through Waterwatch  
(http://www.vic.waterwatch.org.au/).
The majority of Victorian estuaries are too small to 
support commercial fishing or boating, except for the 
major bays and inlets (Port Phillip Bay, Western Port, 
Corner Inlet, Anderson Inlet, Shallow Inlet, Gippsland 
Lakes, and Mallacoota), although recreational boating can 
be common. Many of the smaller estuaries do support 
eel fisheries, which in a recent review were considered 
to be managed sustainably (McKinnon, 2002). Creel 
surveys, and the number, size and use of boat ramps and 
jetties could provide measures of recreational fisheries 
intensity. OSRA (OSRA, 2001) identified the basic mouth 
status, intermittent or permanently open, by interviewing 
local natural resources managers. There is no ongoing 
monitoring program for mouth closure frequency and 
duration in intermittent estuaries in Victoria. 
In addition to data collected from the estuarine water 
body, there is also some information available about the 
estuarine catchment. The availability, spatial completeness 
and scale of potential catchment condition measures 
are important for assessing links between estuaries and 
their catchments. Barton (2006) concluded that the land 
use information available for her study was at too broad 
a spatial scale for assessing small estuarine catchments, 
and out of date being compiled in 2001 (NLWRA, 2002) 
from 1996 data. Likewise the EVC and faunal data 
are also collected at too broad a spatial scale for small 
estuary catchments. Measures of sediment loads from 
both the fluvial and estuarine catchments to estuaries, 
such as surficial geology, slope and rainfall, or erodibility 
risk would be valuable as part of a condition measure. 
Victoria’s Index of Stream Condition (ISC) incorporates a 
measure of riparian alteration which would be useful to 
assess with sediment load measures but it is measured 
by stream reaches rather than kilometres. Edgar et al. 
(2000) found that human population density, outside 
of differences in physical characteristics such as rainfall 
and geology, influenced benthic sediment types in 
Tasmanian estuaries. Barton (2006) did not test this for 
Victorian estuaries as she did not have access or resources 
to estimate population density data at the required 
resolution for Victorian estuaries. 
Determining environmental flow stress for all of Victoria’s 
estuaries is difficult as most smaller estuaries lack flow 
gauges. However, the Index of Stream Condition models 
6the degree of hydrological alteration for many streams 
and is a useful measure of freshwater flow regime 
modification to estuaries. The number of farm dams 
could also be a useful proxy for environmental flow 
stress on Victorian estuaries. Population density is one 
way of assessing urbanisation of catchments. Although 
the Australian Bureau of Statistics collates population 
density by census districts, the boundaries of which do 
not follow catchments, resampling these data by fluvial 
and estuarine catchment area has provided estimates of 
population densities as part of this project (see Section 
2.4). 
1.2 Summary of available data on Victoria’s 
estuaries
This component of the project summarised all available 
data on Victorian estuaries, both the estuarine water 
body and the immediate catchment. Upstream (fluvial) 
catchment data were not considered (see Section 2). 
Conclusions from this review of data are outlined below:
There are more than 110 rivers and streams that enter •	
the sea along the Victorian coast, excluding Gippsland 
Lakes, (Figure 2).
The upstream extent was known for less than half of •	
these estuaries.
Most larger Victorian estuaries have been the basis of •	
some research projects, although western Victorian 
estuaries have been researched more extensively 
(Appendix 3). The majority of research has been based 
around student projects (Honours and MSc/PhD) at 
Deakin University’s Warrnambool campus.
Data on ecological components of Victoria’s estuaries •	
are too sparse and incomplete for more detailed 
analysis or for measuring of estuarine condition for 
example:
only a few estuaries have biological data, nearly  –
always based on one-off sampling or very short time 
series,
specific locations (except upper, mid, lower) and/or  –
habitats are rarely identified in published reports or 
theses for most estuaries,
some time series data on water quality exist for a  –
small number of estuaries.
There were few datasets that could be used to directly •	
assess whether there were natural groupings of 
estuaries in Victoria based on patterns of ecological 
response to threats.
The majority of data for Victorian estuaries are •	
collected from the surrounding catchment rather 
than the estuarine water body. These data include 
catchment use and human population numbers or 
average density.
Most smaller estuaries lack flow gauges and do not •	
have Index of Stream Condition reaches upstream, 
hence limiting assessment of flow modification to 
these estuaries.
A comprehensive bibliography of research on Victoria’s •	
riverine estuaries has been collated for the first time 
and is presented at the end of this report. 
Figure 2: Locations of the 110 estuarine waterways along the Victorian coast from the South Australian to the New South Wales borders.
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7Table 1: Empirical and conceptual links between threats and environmental responses in estuaries based on literature reviews by 
(Deeley & Paling, 1999; Barton, 2003; McGwynne & Adams, 2004; Barton, 2006) with additional specific references as listed. Responses 
are described as altered (±), where directional change could not be measured, increased (↑), or decreased (↓).  Condition indicators are 
discussed in Appendix 3.
Threat
Effect/
response Geomorphology Water Sediment Biota Process Reference
Catchment (fluvial) land use
surface 
erosion
↑ sediment 
delivery
↓ depth
± shape & size
↑ nutrients
↑ hypoxia
↑ sedimentation, 
↑ nutrients
↑ anoxia
↑ algal blooms
↓ macroinvertebrate 
diversity
± nutrient 
cycling
↓ food web
(Radke et al., 
2004)
subsurface 
erosion
↑ sediment 
delivery
↓ depth
± shape & size
↑ sedimentation, 
↑ nutrients
↑ anoxia
↓ macroinvertebrate 
diversity
↓ food web (Radke et al., 
2004)
large % 
intensive 
agriculture
↑ sediment 
delivery, 
nutrients
± flow
↓ connectivity 
↓ depth
± shape & size
↑ turbidity
↑ nutrients
↑ hypoxia
↑ sedimentation, 
↑ nutrients
↑ anoxia
↑ algae or 
macroalgae
↓ macroinvertebrate 
diversity
± microbial func 
diversity
↓ food web 
↓ habitat
↓ recruitment
(Hessen, 1999; 
NLWRA, 2002)
high 
population 
density
↑ sediment, 
contaminant, 
nutrient delivery
↓ depth
± shape & size
↑ turbidity
↑ nutrients
↑ hypoxia
↑ sedimentation, 
↑ nutrients
↑ anoxia
↓ grain size
↑ algae or 
macroalgae
↓ macroinvertebrate 
diversity
± nutrient 
cycling
↓ food web
(Edgar & Barrett, 
2000)
small % 
native riparian 
veg
↑ sediment, 
contaminant, 
nutrient delivery
↑ turbidity 
↑ nutrients
↑ hypoxia
↓ detritus ↓ macroinvertebrate 
diversity
↓ food web 
↓ habitat
poor total 
Index of 
Stream 
Condition 
score
↑ sediment, 
contaminant, 
nutrient delivery
± flow
↑ depth
± shape & size
↑ turbidity 
↑ nutrients
↑ hypoxia
↑ sedimentation, 
↑ nutrients
↑ anoxia
↓ macroinvertebrate 
diversity
Flow regime modification
major dams ↑ summer flow, 
↓ connectivity, 
medium floods, 
± mouth 
intermittency
↓ sediment
↓ scouring 
& channel 
maintenance
± shape & size
↓ silica ± grain size & 
organics?
↑ macrophyte
↓ wetlands 
± wading birds
± fish community
↑ benthic prod
↓ water column 
prod
± food web
± nutrient 
cycling
↓ recruitment
(Schlacher & 
Wooldridge, 
1996; Reilly, 
1998)
large # farm 
dams
↑ mouth closure
↓ summer flow, 
medium floods
↓ scouring
± shape & size
↑ water 
residence 
time, 
stratification
↑ inundation ↑ algal & macroalgae 
blooms
± nutrient 
cycling
(Pierson et al., 
2002)
high 
extraction
↑ mouth 
closure, 
↓ summer 
flow, total flow, 
medium floods
↓ scouring
± shape & size
↑ water 
residence 
time, 
stratification
↑ inundation ↑ algal & macroalgae 
blooms
↓ wading birds
↓ habitat 
diversity
± nutrient 
cycling
(Gillanders & 
Kingsford, 2002; 
Pierson et al., 
2002)
major artificial 
drainage
↑ flashiness
↓ connectivity 
± shape & size ↑ disturbance
large amount 
impervious 
surfaces 
(urbanisation)
↑ flashiness
± flow
± shape & size ↑ disturbance
8Table 1 continued.
Threat
Effect/
response Geomorphology Water Sediment Biota Process Reference
Estuarine catchment (immediate)
point source 
discharge
↑ sedimentation, 
contaminants, 
nutrients
± flow
± local depth ↑ turbidity 
↑ nutrients
↑ hypoxia
↑ 
contaminants
↑ algae or 
macrophyte
± macroinvertebrate 
diversity
± microbial function 
diversity
± nutrient 
cycling
↓ food web
± diversity
large % 
urbanisation
↑ sedimentation, 
contaminants, 
nutrients
± flow
↓ connectivity 
to immediate 
catchment
↓ depth
± shape & size
↑ turbidity 
↑ nutrients
↑ hypoxia
↑ 
contaminants
↑ sedimentation, 
↑ nutrients
↑ anoxia
↓ grain size
↑ algae or 
macrophyte
↓ macroinvertebrate 
diversity
± microbial function 
diversity
± nutrient 
cycling
↓ food web
± diversity
(Adams & Bate, 
1999; Edgar & 
Barrett, 2000)
large % 
intensive 
agriculture
↑ sediment 
delivery 
nutrients
± flow
↓ connectivity 
↓ depth
± shape & size
↑ turbidity
↑ nutrients
↑ hypoxia
↑ sedimentation, 
↑ nutrients
↑ anoxia
↑ algae or 
macroalgae
↓ macroinvertebrate 
diversity
± microbial function 
diversity
↓ food web 
↓ habitat
↓ recruitment
(Edgar & Barrett, 
2000)
intensive 
drainage
± flow
↓ connectivity 
to immediate 
catchment
± shape & size ± circulation ↑ sedimentation, 
nutrients
± algae & 
macroalgae
± macroinvertebrate 
diversity
± microbial function 
diversity
± nutrient 
cycling
↓ food web
± diversity
small % 
native riparian 
vegtation
↑ sediment, 
contaminant, 
nutrient delivery
± shape & size ↑ turbidity 
↑ nutrients
↑ hypoxia
↑ sedimentation, 
nutrients
↓ detritus
↓ macroinvertebrate 
& fish diversity
↓ food web 
↓ habitat
intensive 
recreational 
fishing
↓ fish diversity ↓ food web
± diversity 
intensive 
commercial 
use
(ports, 
marinas etc)
↑ sediment, 
contaminants
↓ connectivity
± water 
circulation 
↓ depth
± shape & size
↑ turbidity 
↑ nutrients
↑ hypoxia
↑ sedimentation, 
nutrients
± algae & 
macroalgae
± macroinvertebrate 
diversity
± microbial func 
diversity
↓ habitat 
± nutrient 
cycling
↓ food web
± diversity
9Table 1 continued.
Threat
Effect/
response Geomorphology Water Sediment Biota Process Reference
Estuarine (water)
dredging ↑ depth of 
benthic habitat, 
SS, 
± sediment 
characteristics, 
water circulation
↓ benthic 
communities, 
light penetration
↑ depth
± shape & size
↑ SS ↑ release of 
sediment 
nutrients & 
contaminants
± sediment 
characteristics
↓ macroinvertebrate 
diversity
± nutrient 
cycling
↓ food web
(Hessen, 1999)
bridges & 
jetties
± circulation ± shape & size ± circulation ± sedimentation
↑ hard surface
± macroinvertebrate 
diversity
weirs ± water 
circulation
↓ estuary 
long extent & 
connectivity
± size ± sedimentation ± primary 
productivity
± primary 
productivity
built banks/
shore 
armourment
 ↓ estuary lateral 
extent
& connectivity
± shape & size ↑ hard surface ± macroinvertebrate 
diversity
↓ macrophytes
± nutrient 
cycling
↓ food web
± diversity
artificial 
mouth 
opening
± connectivity
± circulation
↓ depth
± shape & size
± water 
residence 
time
↑ 
stratification
± hypoxia, 
nutrients
↑ sedimentation ± primary prod., 
wetlands, 
macroinvertebrate 
diversity, fish 
community, waders
± nutrient 
cycling, habitat, 
food web
↑ disturbance
Section 1. 
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With more than 110 estuaries in Victoria, short-term 
management and mitigation of threats will be assisted if 
groups of estuaries that might respond to threats similarly 
can be identified. Different estuary groups would be 
expected to have different responses to similar threats, 
whereas the responses should be more similar within 
groups (Moverley & Hirst, 1999; Barton, 2003; Barton, 
2006; Kurtz et al., 2006). When possible, it is very useful 
for both researchers and natural resource managers to 
identify similar groups of estuaries, based on biophysical 
characteristics (Barton, 2003; Barton & Sherwood, 2004). 
The most common technique for identifying groups of 
estuaries is classification analysis, a statistical procedure 
that includes a broad range of methods (e.g. cluster 
analysis). The resulting groups can then allow:
the use of information from data-rich estuaries to •	
make predictions for others of the same type but with 
less or no data,
conceptual models to be developed and tested for •	
each estuary type,
the comparison of responses to different threats,•	
tailoring management strategies for similar types of •	
estuaries.
The aim of this component of the project was to review 
existing classifications of Victoria’s estuaries and use 
updated physical information to develop and evaluate 
new groupings of estuaries.
2.1 Existing classification schemes
Previous estuarine classifications (see review by Ferguson 
1996) have relied on physical and hydrological properties, 
including geomorphology, salinity and hydrology. 
Classifications based on geomorphology group estuaries 
according to similarities in their shape and their origins 
into either drowned river valleys, coastal plains and barrier 
or bar-built estuaries. The extreme of this latter class is the 
coastal lagoon when the barrier is almost permanently 
shut (Ferguson, 1996).
Classifications based on circulation and salinity group 
estuaries as either highly stratified (salt wedge), 
moderately stratified (partially mixed) or well mixed 
estuaries (Ferguson, 1996). One difficulty with this 
classification scheme is that estuaries do not always show 
the same type of behaviour either over time or at different 
locations within the estuary (Barton & Sherwood, 2004). 
Hodgkin (1994) proposed classifying Australian estuaries 
by the interaction of hydrology and physical form. He 
recognised five estuary types:
lagoonal or barrier which have relatively stable and •	
uniform salinities because of restricted exchange with 
the sea,
gradient, where salinity progressively increases •	
downstream,
seasonal, where salinity varies seasonally rather than •	
tidally,
closed, where bars intermittently close the estuary •	
mouths for months or years,
estuaries that show more than one of these features.•	
Barton and Sherwood (2004) placed south-west Victorian 
estuaries in this latter class. These estuaries have seasonal 
salinity variations due to seasonal variation in the amount 
of freshwater discharged into them, which structures 
their salinity. Most are also considered ‘closed’ estuaries 
as their mouths intermittently close due to coastal sand 
movement during low freshwater flow.
2.1.1 Estuary Classification at the National scale
More recent national estuarine classifications have tried 
to identify a few broad types that integrate physical 
and biological factors. There have been three Australian 
classification schemes based on physical characteristics 
thought to be easily quantifiable and biologically 
important (Bucher & Saenger, 1989; Digby et al., 1999; 
NLWRA, 2002). These classifications included between 
35 and 63 Victorian estuaries, depending on how the 
different schemes defined an estuary, e.g. some schemes 
omitted small estuaries.
Digby et al. (1999) built on the findings of Bucher and 
Saenger (1989) and classified Australian estuaries into 
eleven classes based on a suite of physical characteristics 
and showed that these could be used to make predictions 
about intertidal vegetation. All south-eastern Australian 
estuaries were in the class defined by a temperate 
climate and low tidal range. The most recent Australian 
classification and conceptual models are geomorphically 
based, recognising three forcing processes, wave, tidal 
and river energies, to describe estuarine form and 
function (Heap et al., 2001; NLWRA, 2002; Ryan et al., 
2003). Satellite and aerial imagery were used to map 
facies within the estuary. 
Section 2: Classification of Victoria’s 
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The NLWRA (2002) found that 79% of the 63 Victorian 
estuaries assessed were classed as driven by wave energy. 
More detailed sub-classification could not be done for 
38% of these estuaries, due mainly to their small size 
(Table 2, Table 3). Conceptual models of the flows and 
fluxes between the terrestrial and intertidal zones, estuary 
surface, water column and estuary beds, were developed 
for some of the major sub-classes (Ryan et al., 2003) but 
these have to be used with caution in intermittent estuaries 
(Roy et al., 2001; NLWRA, 2002; Ryan et al., 2003). 
Seasonal processes in open systems may be driven by less-
regular events such as floods and droughts in intermittent 
estuaries (Mackay & Cyrus, 2001; Pope, 2006). 
2.1.2 Estuary classification at the regional scale
National scale classifications are often inappropriate for 
smaller scale management questions due to the large 
variation within individual classes at the regional scale. 
Several regional scale or state based classifications have 
been undertaken in south-eastern Australia in the last 
decade (Edgar et al., 1999; Roy et al., 2001; Barton, 
2003; Mondon et al., 2003; Barton, 2006).
In Tasmania, 111 medium to large estuaries and their 
catchments were mapped using GIS and physically 
classified based on geomorphology, geology, hydrology 
and rainfall (Edgar et al., 1999; Edgar et al., 2000). With 
the addition of field-collected salinity and tidal data, 
the estuaries were classified into nine groups. These 
groups primarily reflected the size of estuaries and their 
tidal, salinity and rainfall characteristics, in addition 
to the presence of a seaward barrier. Data on benthic 
macroinvertebrates were collected in 48 estuaries and 
fish data were available for 75 estuaries. The physical 
classification was found useful for categorizing faunal 
relationships between estuaries, helping to identify 
estuaries with high conservation values (Edgar et al., 
1999; Edgar et al., 2000). Edgar and colleagues found 
a relationship between human population density in the 
catchment and an estuary’s sediment type, with denser 
populations associated with silty estuaries (Edgar et al., 
1999; Edgar & Barrett, 2000). This work resulted in the 
development of a disturbance index based on changes in 
macroinvertebrate composition.
Roy et al. (2001) developed a simple physical classification 
for south-eastern Australian estuaries, recognizing three 
types: tide-dominated (estuaries with large entrance 
and much marine flushing), wave-dominated (estuaries 
with narrow entrance and little marine flushing) and 
intermittent (estuaries whose entrance opens and closes 
through time). Within each type, geomorphic zones were 
distinguished based on sediment and hydrology. They 
found a relationship between commercial fish catches 
and their geomorphic classification. Saintilan (2004) also 
found a correlation between commercial catches of fish, 
the areas of major habitats (mangrove, seagrass, and 
mud) and Roy et al’s (2001) geomorphic classification. 
Dye (2006) did not find a relationship between the 
benthic invertebrate fauna and Roy et al’s (2001) different 
geomorphic zones within open intermittent NSW 
estuaries. It appeared that physical classifications failed to 
predict patterns in benthic invertebrates because they did 
not incorporate linkages between physical and ecological 
processes at the appropriate spatial and temporal scales 
(Dye, 2006). Physical factors, such as freshwater inflow, 
residence time and flushing rates, affect sensitivity to 
threats but need to be considered along with biological 
factors such as primary production, grazing rates and 
mineral cycling (Kurtz et al., 2006). Roy et al. (2001) 
developed conceptual models for tide-dominated and 
wave-dominated types but did not develop one for 
intermittent estuaries.
Most other estuary classification schemes are based 
on characteristics measured within the estuary such as 
salinity and hydrology (e.g. Hodgkin, 1994; Ferguson, 
1996; Edgar et al., 2000), and geomorphology (e.g. 
Kench, 1999; Roy et al., 2001; Ryan et al., 2003). This 
limits the possible extrapolation of existing classifications 
and conceptual models (such as those from the NLWRA 
and Roy et al. 2001) as salinity regime, bathymetry and 
inland extent are not reliably known for the majority of 
Victoria’s estuaries (Barton, 2003; Barton, 2006).
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2.1.3 Estuary classification in Victoria
Mouths of estuaries along the Victorian coast were 
identified as part of the Oil Spill Response Atlas (OSRA, 
2001).  Through consultation with regional natural 
resource managers these mouths were defined as 
intermittently or permanently open (Table 2, Table 3).  
Mondon et al. (2003) classified the estuary types found 
along the western half of Victoria based on whether 
their mouth is intermittent, their catchment size, the 
presence of a rock bar at the mouth and the presence 
of substantial wetlands (Table 2, Table 3). This resulted in 
eight types of estuaries although some had only a single 
member estuary. Estuary condition was also assessed and 
estuaries ranked in order of catchment characteristics, 
land use, macroinvertebrates and nutrient data within 
each class. Mondon et al. (2003) did not find a good 
relationship between either benthic macroinvertebrates or 
water quality and estuary condition.
Barton proposed two simple classification schemes for 
Victorian estuaries using broad catchment and coastal 
information (Barton, 2003; Barton, 2006). The Barton 
(2003) classification is based on the estuary’s coastal 
energy, coastal direction and catchment nutrient 
regionalisation (Table 2, Table 3). The first criterion is 
whether the estuary enters the coast on an open, high 
energy coastline or on a sheltered, low energy coastline. 
The second criterion is the coastal direction or orientation 
and the third refers to the catchment nutrient regions 
developed by EPA (Tiller, 2003). This classification tries 
to take into account some of the major forcing factors, 
including mouth intermittency, coastal energy, tides, 
climate and exposure to prevailing weather and currents, 
the size of the catchment and estuary, freshwater 
hydrology and regional differences in the supply of 
nutrients to the catchment. This broad classification 
was later modified by Barton (2006, Table 1 & 2) to 
exclude the catchment regionalisation. This simple two 
layer classification (coastal energy and direction ) was 
successfully tested against detailed catchment, estuary 
and coast descriptors for 30 estuaries along the west and 
central Victorian coast (Barton, 2006). 
Table 2: Definitions of groups of Victorian estuaries from previous estuary classifications (see Table 3)
Classification Groups
Barton 2006 W = open coast, west facing mouth
E = open coast, east facing mouth
B = embayment, sheltered coast
Barton 2003 W, E & B as per Barton 2006 plus four coastal EPA nutrient region (Tiller & Newall, 2003):
2 = closed forest foothills
3 = open forest foothills
5 = coastal plains
6 = western plains
Mondon et al. 2003 1a = permanently open, natural mouth
1b = permanently open, built entrance
2a = intermittently open, large river catchment, fringing wetlands or lagoons present
2b = intermittently open, large river catchment, fringing wetlands or lagoons absent
3a = intermittently open, small rivers & creeks, sand barred, estuary 1 – 3km long, fringing wetlands or lagoons present
3b = intermittently open, small rivers & creeks, sand barred, estuary 1 – 3km long, fringing wetlands or lagoons absent
3c = intermittently open, small rivers & creeks, sand barred, estuary < 500m long
3d = intermittently open, small rivers & creeks, rock barred
NLWRA 2002 wo = wave dominated, other
ww = wave dominated, wave estuary 
ws = wave dominated, strandplain
rw = river dominated, wave delta
to = tidal, other
tt = tide dominated, tidal flat/creek
OSRA 2001 I = intermittently open
P = permanently open
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Table 3: Existing classifications of Victorian from regional studies (OSRA, 2001; NLWRA, 2002; Barton, 2003; Mondon et al., 2003; 
Barton, 2006). Estuaries listed from West to East, for classification codes refer to Table 2. Blanks indicate the estuary was not part of 
the classification. Coast section SA = South Australian border, CO = Cape Otway, PPB = Port Phillip Bay, WB = Westernport Bay, WP = 
Wilsons Promontory, CIN = Corner Inlet & Nooramunga, GL = Gippsland Lakes, MI = Mallacoota Inlet. Gippsland Lake and tributaries 
are not included.
Coast Estuary name Barton
2006
Barton
2003
Mondon 
et al. 2003
NLWRA
2002
OSRA
2001
SA to CO Glenelg Rv
Wattle Hill Ck
Surrey Rv
Fitzroy Rv
Eumeralla Rv
Moyne Rvr
Merri Rv
Hopkins Rv
Curdies Rv
Campbell Ck
Sherbrook Rv
Gellibrand Rv
Aire Rv
W
W
W
W
W
W
W
W
W
W
W
W
W
W6
W6
W6
W6
W6
W6
W6
W6
W5
W5
W5
W5
W3
2b
1b
2b
2b
2a
1b
2a
2b
2a
3a
3a
2a
2a
ww
ws
ws
ww
ww
wo
rw
ww
tt
wo
ww
ww
I
P
I
I
I
P
I
I
I
(I)
(I)
I
I
CO to PPB Barham Rv
Wild Dog Ck
Kennett Rv
Wye Rv
Saint George Rv
Erskine Rv
Painkalac Ck
Anglesea Rv
Spring Ck
Thompson Ck
Barwon Rv
E
E
E
E
E
E
E
E
E
E
E
E3
E3
E3
E3
E3
E3
E5
E5
E5
E5
E5
3a
3b
3a
3a
3a
3a
3b
3a
3a
2a
1a
ws
wo
wo
ws
wo
ws
ws
rw
rw
ws
ww
I
I
I
I
I
I
I
I
I
I
P
PPB Swan Bay
Hovell Ck
Little Rv
Werribee Rv
Skeleton Ck
Laverton Ck 
Kororoit Ck
Yarra Rv
Elwood Canal
Mordialloc Ck
Patterson Rv
Kananook Ck
Balcombe Ck
B
B
B
B
B
B
B
B
B
B
B
B
B
B5
B5
B5
B5
B5
B5
B5
B5
B5
B5
B5
B5
B5
to
tf
to
rw
wo
to
tt
rw
to
P
P
P
I
P
P
P
P
P
P
P
I
PPB to WB Merricks Ck
Cardinia Ck
Deep Ck
Bunyip Rv
Yallock Ck
Lang Lang Rv
Bass Rv
E
B
B
B
B
B
B
E5
B5
B5
B5
B5
B5
B5
I
I
P
P
P
P
P
WB to WP Powlett Rv
Anderson Inlet
Shallow Inlet
Darby Rv
Tidal Rv
Growlers Ck
Sealers Ck
W
W
W
W
W
W
E
W5
W5
W5
W2
W2
W2
E2
ws
ww
ww
wo
ws
I
P
P
I
P
P
P
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Table 3 continued
Coast Estuary name Barton
2006
Barton
2003
Mondon 
et al. 2003
NLWRA
2002
OSRA
2001
CIN Chinaman Ck
Poor Fellow Me/Old Hat Ck 
(PFMOH)
Stockyard Ck
Bennison Ck
Franklin Rv
Agnes Rv
Shady Ck
Nine Mile Ck
Muddy Ck
Albert Rv
Tarra Rv
Neil’s Ck
Bruthen Ck
B
B
B
B
B
B
B
B
B
B
B
B
B
B5
B5
B5
B5
B5
B5
B5
B5
B5
B5
B5
B5
B5
P
P
P
P
P
P
P
P
P
P
P
P
P
CIN to GL Jack Smith Lake
Lake Dennison
Merriman Ck
ww
wo
I
I
I
GL to MI Bunga Rv
Lake Tyers
Snowy Rv
Yeerung Rv
Sydenham Inlet
Tamboon Inlet
Thurra Rv
Mueller Rv
Wingan Inlet
Easby Ck
Red Rv
Benadore Rv
Seal Ck
Shipwreck Ck
Betka Rv
Davis Ck
Mallacoota Inlet
ww
ww
ws
ww
ww
wo
ww
ww
ww
ww
wo
wo
ww
ww
I
I
P
I
I
I
I
I
P
I
I
I
I
I
I
I
P
2.2 Rationale for new classification analyses
Previous national and regional Victorian estuary 
classification schemes considered only a subset of 
Victorian estuaries. In contrast, the new classifications in 
this project were Victoria-wide and included all estuaries 
that were longer than 1 km or had lagoonal sections 
greater than 300m long. The size cut-off was necessary as 
mapping errors became too large for smaller systems. The 
survey of existing datasets (Section 1) demonstrated that 
there were few datasets that could be used to directly 
assess whether there were natural groupings of estuaries 
in Victoria based on patterns of ecological response to 
threats. 
To test whether estuaries along the Victorian coast 
could be classified into groups that might be useful for 
management purposes, it was necessary to define the 
physical boundaries of estuaries and then use what data 
existed in other formats (GIS spatial layers and river health 
data) to quantify physical characteristics (e.g. geology) 
and threats such as land use patterns and population 
densities in both estuarine and fluvial catchments. 
Having defined the boundaries of fluvial and estuarine 
catchments, these data could be measured consistently 
across the state for the first time.  Details of physical and 
threat characteristics derived and used in the analyses are 
identified in Section 2.4.2. Mapping of the catchments 
was also more accurate than had been previously used 
(Barton, 2006, Mondon et al., 2003, NLWRA, 2002). New 
data such as the recent Index of Stream Condition (ISC) 
and ABS census data were also used. Such data were not 
available for previous classifications of Victorian estuaries.  
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Classification analyses were used in three ways in this 
project.
The first classifications were based solely on physical 1. 
and geographic aspects of the estuaries, their 
catchments and adjoining coastal environments.  They 
all related to likely similarities in system function. This 
approach was taken because, as discussed in Section 1, 
existing ecological condition data were inadequate for 
inclusion in any classification analysis. This ‘functional’ 
classification was based on physical characteristics that 
were considered to influence the ecological functioning 
of estuaries, and therefore link ecological responses to 
key physical aspects (e.g. catchment geology/erodibility, 
estuary size and geomorphology, amount of freshwater 
inflow). These analyses were done separately for fluvial 
and estuary catchments and geographic regions and 
are reported in Section 2.5. 
Using the data from the first set of classifications, 2. 
four existing classifications of Victorian estuaries 
were assessed along with one based on mouth type 
(intermittent versus permanently open).  By comparing 
multivariate similarities in functional characteristics 
between specified groups for each classification, the 
amount of functional difference explained by each 
classification method was examined (see Section 2.6).
The final set of classification analyses were based on 3. 
human threats to estuarine ecosystems from their 
catchments. These analyses aimed to group estuaries 
with similar threatening processes and were based on 
land use (conservation, forestry, dryland agriculture, 
irrigated agriculture, urban), fluvial hydrological change 
and catchment condition (from the Indices of Stream 
and River Condition) and population density.
2.3 Methods for classification analyses
Physical characteristics (listed in Section 2.4.2) were 
analysed separately for estuaries and their estuarine and 
fluvial catchments. Similarly threat characteristics (defined 
in Table 5, discussed in Section 2.5) were analysed 
separately for both the estuarine and fluvial catchments.  
Separation of the estuarine component of the catchment 
was based on the finding of Barton (2006) that threats 
in the estuarine catchment are closely linked to estuary 
condition.
All analyses were done on normalised data (individual 
measures normalised to zero mean and unit standard 
deviation) so that measures on different scales could be 
legitimately compared. No transformation of individual 
measures was undertaken. Euclidean distance was used 
as the similarity measure for multivariate comparison 
in the statistical package PRIMER v6 and SYSTAT v11. 
Cluster analysis was used to identify five to seven groups 
within the data sets, with the drivers of those groups 
explored by determining which variables contributed 
most to the within-group patterns (Similarity Percentages 
analysis). Correlations (Rho) between data sets were 
assessed through comparison of their similarity matrices 
in the PRIMER routine RELATE. Probabilities (p) from 
statistical tests are considered significant at <0.05.
2.4 Estuaries and their catchments
2.4.1 Defining Victoria’s estuaries and their extent
All estuaries previously used in summaries of Australian 
coastal regions (OSRA, 2001; NLWRA, 2002; Mondon et 
al., 2003; GHD, 2005; Barton, 2006; Arundel & Barton, 
2007) were initially considered for this classification. For 
this project Swan Bay, Anderson, Shallow and Mallacoota 
Inlets were considered as single estuary systems. The 
tributaries of major embayments (Port Phillip Bay, Western 
Port Bay, Corner Inlet/Nooramunga) were defined 
as individual estuaries rather than the embayments 
themselves. Tributaries into Gippsland Lakes were not 
considered in this classification.
To characterise the estuaries and their estuarine and 
fluvial catchments, the mouth and head (inland extent)  
of each estuary had to be defined and identified. Table 4  
summarises the inland extent of each estuary based 
on a review of existing information, documents, aerial 
photos, digital elevation models (DEMs) and consultation 
with estuary managers and researchers (NLWRA, 2002; 
Mondon et al., 2003; GHD, 2005; Barton, 2006). The 
confidence with which the head of the estuary was 
known was assessed. When the estuary head had 
been defined from bottom water salinity sampling on 
multiple occasions it was considered that the head was 
known with high confidence. This sampling identified 
the inland extent of saline water or the identification of 
an instream structure which prevented the movement 
of saline waters further upstream (e.g. Hopkins has a 
natural barrier, Werribee has a ford: see Table 4). Where 
the head or the length of the estuary had been defined 
but it could not be verified that this was based on salinity 
sampling, it was considered to be known with a lesser 
degree of confidence. Where no estuary head had been 
defined, the 7 metre DEM pixel was used as the upper 
limit (assuming averaging across the pixel and a narrow 
channel relative to pixel size). Map contours (1:25000 
Vicmap) were also used for guidance in determining 
the location of estuary heads. For estuaries west of Port 
Phillip Bay, aerial photos were used as a check on the 
inland extent, these photos were unfortunately not readily 
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available for the east of the state. If the main estuary had 
tributaries longer than 5 km, the heads of each tributary 
were also defined from DEMs.
The mouth of an estuary was defined as the straight line 
drawn between cliffs, headlands, dunes or the inflection 
point where the estuary channel was at a different angle 
to the coast or bay (Digby et al., 1999; Edgar et al., 1999; 
Barton, 2006). The locations of the mouths defined in 
OSRA (2001) were checked against these criteria and 
a line drawn to define the mouth for subsequent data 
derivation. The defined mouth was often wider than 
that defined in OSRA as it reflected the potential area 
the channel opens over or is known to open over rather 
than the width of the actual channel at any given time. 
In estuaries that have permanently open mouths the 
position and width of the mouth was determined as for 
intermittent estuaries taking into account the embayment 
directly associated with, and therefore highly influenced 
by, the river. Mouths were often delineated further out 
into the embayments than those recognized by GHD 
(2005) or OSRA (2001). This was possibly due to the 
apparent constriction of estuaries at the elevation of the 
mapped coastline (1:25,000 Vicmap) occurring further 
inland than the location of actual constriction of estuaries 
which often occurs in lower elevation mudflats etc. when 
entering the sea in areas of low relief (e.g. areas of Corner 
Inlet and Western Port). 
Estuaries were included in the classification if they had 
a minimum estuarine length of 1km or if a section 
between 1 to 0.3km long was lagoonal, as represented 
by lines showing both sides of the lagoon on 1:25,000 
mapping. This excluded many of the western Victorian 
systems considered in Mondon et al. (2003). In these 
small systems, the proportional error in determining water 
body area, estuary catchment area and land use was high 
compared to that in larger systems. From the original 
list of 112 estuaries, 19 had estuary lengths less than 1 
km, three were combined into Andersons Inlet, five were 
combined into Mallacoota, two into Old Hat Creek, and 
four into the Yarra. This left 83 estuaries across the state 
for which detailed DEMs and catchment flow modelling 
was used to identify their estuarine and fluvial catchments 
as illustrated in Figure 3 and Figure 4. Two of these 
estuaries, Swan Bay and Lake Dennison, did not have 
fluvial catchments and so were excluded from analyses 
incorporating fluvial characteristics.
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Estuary NLWRA1 Barton2 Mondon3 barrier
Glenelg Rv 16.7 66.3 70.0
Wattle Hill Ck 9.0
Surrey Rv 1.4 7.1 10.0
Fitzroy Rv 12.6 13
Eumeralla Rv 7.8
Moyne Rvr 6.0
Merri Rv 11.4 1.5
Hopkins Rv 9.7 9.5 y
Curdies Rv 16.8 15.6 y
Campbell Ck 2.8
Sherbrook Rv 0.5 2.0
Gellibrand Rv 3.1 4.4 7.8
Aire Rv 6.7 8.8 7.6
Elliot Rv 0.1
Parker Rv 0.2 y
Barham Rv 3.1 2.3
Wild Dog Ck 1.0
Skenes Ck 0.3 0.3
Smythes Ck 0.1
Carrisbrooke Ck 0.3
Grey Rv 0.3
Kennett Rv 0.7 1.2 y
Wye Rv 1.0 1.0
Jamieson 0.3
Cumberland Rv 0.4
Saint George Rv 1.1 1.5
Erskine Rv 0.9 1.0 y
Anderson Ck 1.5
Painkalac Ck 3.6 3.3
Anglesea Rv 0.9 2.8 3.5
Spring Ck 4.1 4.0
Thompson Ck 2.6 6.0
Barwon Rv 18.9 19.0
Swan Bay 10
Hovell Ck 3.6
Little Rv 2.8 2.7*
Werribee Rv 6.0 8.3 y
Skeleton Ck 4.2 2.6 y
Laverton Ck 2.4
Kororoit Ck 1.6 1.6* y
Yarra Rv 13.1 13.1* y
Mordialloc Ck 9.1
Patterson Rv 5.5 2.9 y
Kananook Ck 7.5
Balcombe Ck 2.7
Estuary NLWRA1 Barton2 Mondon3 barrier
Main Ck
Stony Ck
Merricks Ck 2.2
Cardinia Ck 8.3
Deep Ck 7.8
Bunyip Rv 8.4 y
Powlett Rv 0.5 7.0 8.3
Shallow Inlet 14 10.3
Darby Rv 0.1
Tidal Rv 2.2 2.5 y
Anderson Inlet 17.7 20.5
Freshwater Ck 1.2
Sealers Ck 4.1
Franklin Rv 5.4 4.6
Agnes Rv 5.2
Albert Rv 10.0 6.2
Tarra Rv 15.5 9.8
Bruthen Ck 2.4
Jack Smith Lake 8.6 7.2 y
Merriman Ck 5.0 2.2
Bunga Rv 1.9
Lake Tyers 22.6 25.4
Snowy Rv 14.0 9.6
Yeerung Rv 1.6 2.4
Sydenham Inlet
(Bemm River)
14.0 18.6
Tamboon Inlet 14.0 11.5
Thurra Rv 5.5 6.4
Mueller Rv 5.2 3.9
Wingan Inlet 9.7 4.0
Easby Ck 1.0
Red Rv 1.9 3.0
Benadore Rv 2.6
Shipwreck Ck
Betka Rv 5.8 7.5
Mallacoota 24.5 28.3
NLWRA1 = (NLWRA, 2002), Barton2 = (Barton, 2006),  
Mondon3 = (Mondon et al., 2003), GHD4 = (GHD, 2005),  
* = length from Arundel & Barton 2007
Table 4: Lengths (km) of Victorian estuaries estimated in previous studies. Known barriers to the inland extent of saline bottom waters 
are also shown. 
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2.4.2 Defining catchments and deriving physical data
The estuarine catchment was found to be important in 
influencing estuary condition by Barton (2006). As the 
majority of Victoria’s estuaries are small to medium sized, 
a fine-scale and accurate delineation of boundaries was 
important for measuring the type and magnitude of 
threats accurately (Barton, 2006). The availability of a 20 
x 20 m pixel size DEM and a Cooperative Research Centre 
for Catchment Hydrology tool (CatchmentSIM) to model 
catchment flow and delineate catchments meant that 
better, more accurate and up-to-date boundaries could be 
derived than those used by Barton (2006). CatchmentSim 
allows a better delineation of the catchment due to its 
more sophisticated algorithms used to derive flow paths. 
These new delineations improve spatial scale problems, 
particularly for estuarine catchments, identified in Barton 
(2006). Estuary catchment area varied from 0.4 to 698 
km2 with a mean of 43 km2. The fluvial catchment area 
ranged from 2.2 to 14824 km2 with a mean of 829 km2. 
The new catchment boundaries are shown in Figure 3 
and Figure 4.
The physical characteristics and the major components of 
influence on an estuary were derived from existing state 
and national government GIS data layers, topographic 
maps, consultation with state and regional managers and 
from some field verification (Table 5). The variables to be 
included had to be measured consistently for all estuaries.
Figure 3: Overview of fluvial and estuarine catchment boundaries derived for all Victorian estuaries, excluding Gippsland Lakes.
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Figure 4: Map showing fluvial and estuarine catchments for estuaries in (a) southwestern and (b) central Victoria.
(a)
(b)
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Figure 4 (cont): Map showing fluvial and estuarine catchments for estuaries in (c) west Gippsland and (d) east Gippsland.
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Table 5: Continuous physical and threat characteristics used in the classifications of Victoria’s estuaries.
Data set General Specific Source
Estuarine Type water size water area (m2) DEM°
length (m) DEM°
perimeter (m) DEM°
catchment
size
area (km2) DEM°
perimeter (km) DEM°
topography slope (°) DEM°
elevation (m) DEM°
climate rainfall (mm/a) BoM+
position latitude (of mouth) OSRA 2001
longitude (of mouth) OSRA 2001
geology ‘erodibility’ class DSE
mouth status intermittent or permeant OSRA 2001
Condition land use % conservation ANRDL*
% forestry ANRDL*
% dryland agriculture ANRDL*
% irrigated agriculture ANRDL*
% urban ANRDL*
population density (people/km2) ABS
Fluvial Type size area (km2) DEM°
perimeter (km) DEM°
topography slope (°) DEM°
elevation (m) DEM°
climate rainfall (mm/a) BoM+
geology ‘erodibility’ class DSE
Condition land use % conservation ANRDL*
% forestry ANRDL*
% dryland agriculture ANRDL*
% irrigated agriculture ANRDL*
% urban ANRDL*
population density (people/km2) ABS
Overall ISC 2004 total Vic. Gov.#
hydrology ISC 2004 hydrology index Vic. Gov.#
DEM° = Derived from VicmapState of Victoria digital elevation model (20m resolution) and 1:25000 topographic data
BoM+ = Derived from Bureau of Meteorology, Commonwealth of Australia data layer
OSRA 2001 = Oil Spill Response Atlas, Victorian Government, 2001\
ANRDL* = Australian Natural Resources Data Library.  compiled from various layers held at Bureau of Rural Sciences (< http://adl.brs.gov.au />)
ABS = Australian Bureau of Statistics Census data 2002.
DSE = Department of Sustainability & Environment Corporate Geospatial Data Layer
Vic. Gov.# = Victorian Government water data warehouse (<http://www.vicwaterdata.net/isc/>) 
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The 83 estuaries varied in their physical characteristics. 
The maximum estuary length was the Glenelg at 67.5 
km, the mean estuary length was 6.6 km. Estuary water 
area varied from 0.008 to 31 km2 with a mean of 2.4 km2 
(Figure 5).There was no clear grouping based on estuary 
size nor a difference in the relationship between water 
area and length between permanent and intermittent 
estuaries (Figure 5).
Figure 5:  Water dimensions and mouth status for Victorian 
estuaries.
The size of Victorian estuaries, as determined by their 
catchment and water area, was small in comparison 
to NSW (Roy et al., 2001; Haines et al., 2006) and 
Tasmania (Edgar & Barrett, 2000; Davis & Koop, 2006), 
but comparable to southern Western Australian estuaries 
(Radke et al., 2004). Even though the classification 
described in this report excluded most estuaries less than 
1 km long it still included estuaries considered very small 
by other classifications and regional studies (Edgar et al., 
1999; Moverley & Hirst, 1999; Roy et al., 2001; NLWRA, 
2002). Tasmanian estuaries were only included in Edgar 
et al. (1999) if represented by double hydrology lines on 
1:100,000 maps, with catchments >20 km2 or water 
areas exceeding 0.2 km2. The Gippsland estuary audit 
(GHD 2005) specified a minimum water body size of 
0.5 km2. Mondon et al. (2003) tried to assess all riverine 
systems that entered the west coast. In the 46 estuaries 
they considered, 26 were longer than 1 km, 14 of those 
longer than 3 km and 18 estuaries were less than 300 
metres long. 
2.4.3 Spatial products: Estuary and catchment layers
A substantial offshoot of the classification exercise was 
the creation of new GIS layers. The extents of estuaries 
and boundaries of estuarine and fluvial catchments that 
were derived as part of this project (e.g. Figure 6) have 
been provided to DSE in a GIS format (ESRI shape file) and 
will be more generally available to estuarine managers. 
Layers include associated physical and threats data as 
described in the classification sections and in Table 5. 
Figure 6: Example of data display using boundaries from this 
project in a small (12km across) catchment on the Mornington 
Peninsula.  Top level ALUM land use categories are draped over a 
digital elevation model for the fluvial and estuarine catchments 
of Merricks Creek.  The boundary between fluvial and estuarine 
catchments is shown as a black line running diagonally through 
the region.  (Land use data: BRS; Elevation data Vicmap)
For just over 70% of estuaries the location of the head 
(or upstream limit) was either estimated from visual 
observations or was derived from maps and remote 
sensing.  Only 30% of estuaries had upper limits that 
could be clearly defined based on salinity monitoring or 
the presence of artificial barriers. Locations of some of the 
least clearly defined heads will be resolved in an extension 
to this project, and will be used to update the estuary 
GIS layer with data derived from on-ground assessments 
of bathymetry and salinity distribution.  Thirty four high 
priority locations were targeted in this program based on 
the level of confidence in the location of the upstream 
limits.
The more accurate and detailed definition of the 
catchments and finer scale land use definition used in this 
derivation of data overcame some of the errors associated 
with small estuarine catchments reported in Barton (2006). 
For some estuaries that have undergone major drainage 
works and where flows are directed between catchments 
(e.g. Mordialloc, Patterson, and northern Western 
Port estuaries) the actual functional estuarine or fluvial 
catchment size was still highly uncertain. Elevation data 
at an improved resolution from current State government 
LIDAR mapping may provide a future resource of great 
value in addressing these scale issues for estuarine 
management.
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Accurate positioning of estuary extents and catchment 
boundaries is essential for management of those 
systems. In many waterways a lack of knowledge has 
led to estuaries being perceived and managed as river 
reaches.  The importance of the estuarine catchment 
to condition of estuaries means that these areas also 
need to be recognised as distinct from the rest of the 
catchment. Availability of digital boundaries of estuaries 
and catchments will also allow any other form of spatial 
data to be assigned to particular systems across the state 
and assessed at a finer scale of catchment than has been 
possible to date.
2.5 ‘Functional’ classifications
‘Functional’ classifications were based on physical 
characteristics that were considered to influence the 
ecological functioning of estuaries, and therefore link 
ecological responses to key physical aspects (geology, 
geomorphology, rainfall as described in Table 5). The aim 
was to identify groups of estuaries that were similar in 
these physical characteristics.
2.5.1 Estuaries and estuarine catchments
Cluster analysis of the physical characteristics of the 
estuary and its estuarine catchment resulted in seven 
major groups as shown in (Table 6). The majority of the 
estuaries (55) made up one group. The largest estuary, the 
Glenelg, then Anderson Inlet and Mallacoota formed two 
separate groups. Seven large estuaries, six medium sized 
and ten small estuaries grouped together, as did Tidal 
and Sealers. Estuary and estuary catchment size were the 
strongest drivers of the observed groupings, explaining 
36% of the variation. Topography and climate (mean 
slope, elevation and rainfall) explained an additional 
27% of variation. The remainder was due to variation 
in the amount of outcropping hard rock (an ‘erodibility’ 
category: 13%) and consolidated and unconsolidated 
sediments (14%), with 10% of variation not explained by 
measured characteristics. 
2.5.2 Fluvial catchments
Like the estuarine physical data, the fluvial physical data 
resulted in one large group containing 59 estuaries 
and 5 smaller groups as described in (Table 7). Snowy 
and Patterson grouped out individually. Three Wilson’s 
Promontory estuaries grouped with the three larger east 
Gippsland estuaries. Size of the fluvial catchment was not 
such a large driver. The majority of the variation (35%) 
was explained by the catchment’s mean slope, rainfall 
and % of consolidated geology. Catchment area and 
perimeter explained another 29% with the remainder 
explained by large amounts of hard geology versus 
unconsolidated geology. 
2.5.3 Comparison with geography
When just considering estuary mouth position (latitude 
and longitude) along the coast, the estuaries clustered 
into five groups (Table 8). One group was the 27 estuaries 
from Glenelg to Hovell and another six estuaries at 
the top of Port Phillip Bay from Werribee to Elwood. 
Excluding the three west Wilson’s Promontory estuaries, 
the 34 estuaries from Mordialloc in Port Phillip Bay to 
Merriman east of Corner Inlet grouped out together. The 
remaining group based on mouth position included the 
17 east Gippsland estuaries from Bunga to Mallacoota. 
The estuary catchment physical characteristics were 
significantly, but weakly, correlated to the estuary mouth 
position (Rho = 0.16, p = 0.004), suggesting that position 
along the coast is not a strong predictor of an estuary’s 
physical characteristics except at the broad scale of east, 
west and south facing coasts (Barton 2006).
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Table 6: Classification of Victoria’s estuaries based on physical characteristics of the estuaries and their estuarine catchments
Group Estuary
Main characteristics shared by estuaries (in decreasing order of 
importance for each group)
1 Glenelg
2 Anderson, Mallacoota Estuary water perimeter
3 Sealers, Tidal Catchment elevation
4 Barwon, Shallow, Snowy, Swan, Sydenham, Tyers, Yarra Estuary water perimeter
5 Balcombe, Eumeralla, Kennett, Merricks , Mueller, Campbell, 
Sherbrook, StGeorge, Wild Dog, Wye
Area of consolidated sediments
6 Hovell, Kororoit, Laverton, Moyne, Skeleton, Surrey Areas of unconsolidated and consolidated sediments, hard substrate
7 Agnes, Aire, Albert Rv, Anglesea, Barham, Bass, Benadore, 
Bennison, Betka, Bruthen Ck, Bunga, Bunyip, Cardinia, 
Chinaman, Curdies, Darby, Davis , Deep, Dennison, Easby, 
Elwood, Erskine, Fitzroy, Franklin , Gellibrand, Growlers, 
Hopkins , Jack Smith, Kananook, Lang Lang, Little, Merri, 
Merriman, Mordialloc, Neils Ck, Nine Mile, Painkalac, 
Patterson, PFMOH, Powlett, Red, Seal, Shady, Shipwreck, 
Spring, Stockyard, Tamboon, Tarra Rv, Thompson, Thurra, 
Wattle Hill, Werribee, Wingan, Yallock, Yeerung
Rainfall, estuarine catchment perimeter, area of unconsolidated sediments 
and hard substrate
Table 7: Classification of Victoria’s estuaries based on physical characteristics of the fluvial catchment
Group Estuary
Main characteristics shared by estuaries  
(in decreasing order of importance for each group)
1 Snowy
2 Barwon, Glenelg, Hopkins , Werribee, Yarra Catchment area and perimeter
3 Patterson
4 Albert Rv, Anderson , Anglesea, Balcombe, Bass, Benadore, Bennison, 
Betka, Bruthen Ck, Bunga, Bunyip, Cardinia, Chinaman, Curdies, Darby, 
Davis , Deep, Easby, Elwood, Eumeralla, Fitzroy, Gellibrand, Hovell, Jack 
Smith, Kananook, Kororoit, Lang Lang, Laverton, Little, Merri, Merricks 
, Merriman, Mordialloc, Moyne, Mueller, Neils Ck, Nine Mile, Painkalac, 
PFMOH, Powlett, Campbell, Red, Seal, Shady, Shallow, Sherbrook, 
Shipwreck, Skeleton, Spring, Stockyard, Surrey , Tarra Rv, Thompson, 
Thurra, Tyers, Wattle Hill, Wingan, Yallock, Yeerung
Area of unconsolidated sediments and hard substrate, 
rainfall
5 Agnes, Aire, Barham, Erskine, Franklin , Kennett, StGeorge, Wild Dog, 
Wye
Rainfall and slope
6 Growlers, Mallacoota, Sealers, Sydenham, Tamboon, Tidal Catchment perimeter and elevation
Ungrouped Dennison, Swan (no fluvial catchment)
Table 8: Classification of Victoria’s estuaries based on position of the estuarine catchment
Group Estuary Position
1 Benadore, Betka, Bunga, Davis , Easby, Mallacoota, Mueller, Red, Seal, 
Shipwreck, Snowy, Sydenham, Tamboon, Thurra, Tyers, Wingan, Yeerung
East
2 Growlers, Sealers, Tidal Wilson’s Promontory
3 Agnes, Albert Rv, Anderson , Balcombe, Bass, Bennison, Bruthen Ck, Bunyip, 
Cardinia, Chinaman, Darby, Deep, Dennison, Franklin , Jack Smith, Kananook, 
Lang Lang, Merricks , Merriman, Mordialloc, Neils Ck, Nine Mile, Patterson, 
PFMOH, Powlett, Shady, Shallow, Stockyard, Tarra Rv, Yallock
West Gippsland and Central (Western Port and eastern 
Port Phillip Bay)
4 Elwood, Kororoit, Laverton, Skeleton, Werribee, Yarra Central (north and western Port Phillip Bay)
5 Aire, Anglesea, Barham, Barwon, Curdies, Erskine, Eumeralla, Fitzroy, 
Gellibrand, Glenelg, Hopkins , Hovell, Kennett, Little, Merri, Moyne, Painkalac, 
Campbell, Sherbrook, Spring, StGeorge, Surrey , Swan, Thompson, Wattle Hill, 
Wild Dog, Wye
West
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2.5.4 Summary of functional classifications
The cluster analysis of the estuarine and fluvial 
catchments did not result in a working physical 
classification of Victorian estuaries. It did highlight the 
large variation in estuarine size and catchment size, 
topography and climate. It produced six groups for 28 
estuaries based on estuarine physical characteristics but 
did not distinguish physical differences in the remaining 
55 estuaries (Table 6). Glenelg and the group of Anderson 
and Mallacoota Inlets were the most different based 
on estuarine catchment characteristics whereas Snowy 
and the group of Barwon, Glenelg, Hopkins, Werribee 
and Yarra were the most different based on fluvial 
characteristics (Table 7). 
2.6 Assessment of existing classifications
A useful way to assess existing classifications was to 
statistically test for differences between groups from 
those classifications based on the new physical data 
derived in this project. Because the data were inherently 
multivariate, the permutation-based procedure 
ANOSIM (Analysis of Similarities) was used to test for 
differences between a priori groups as defined by existing 
classifications against the estuarine and fluvial data 
sets (Table 2, Table 3). The ANOSIM procedure uses the 
dissimilarities between estuaries calculated as part of 
the classification and compares the similarities within 
groups to dissimilarities between groups, using a statistic 
(R) based on their ratio. If the groups were not different, 
these two values should be similar; if the groups were 
different then dissimilarities between groups should be 
larger than within groups. Five different analyses were 
done.
The first test compared the three estuary types •	
identified in Barton (2006) with the addition of south 
facing for open coast estuaries to take into account the 
Gippsland coast (Figure 7). These four a priori groups 
(Table 3) based on coastal energy and orientation 
(Figure 8) were significantly different (R = 0.171,  
p = 0.002).
The second, based on Barton (2003), is the Barton •	
(2006) classification with an additional level that uses 
EPA nutrient regions (Newall & Tiller, 2002) to further 
distinguish estuaries. These ten a priori groups (Table 3) 
were also significantly different (R = 0.332, p = 0.001).
Mondon •	 et al. (2003) provided the third classification 
based on mouth status, system size, rock bars at the 
mouth and wetland presence, although there some 
uncertainties in how well estuaries with rock mouth 
bars were identified when this classification was 
extended to estuaries in central and eastern Victoria. 
These six groups (Table 3) were not significantly 
different when considered across the entire state  
(R = 0.075, p = 0.060).
The next classification was based on the estuaries •	
included in the NLWRA (2002) using their classification 
as the a priori groups These eight groups (Table 3)  
used to classify 52 estuaries were not significantly  
different when applied across the state (R = -0.019,  
p = 0.58). Cluster analysis on the 52 estuaries resulting 
in groupings not that dissimilar to the full 83 estuary 
analysis but showed a lot less discrimination with  
41 estuaries in one group (Table 2, Table 3).
The final classification tested was the simple •	 a priori 
classification based on mouth status (Table 3, OSRA 
2001) and this was also not significant (R = 0.033,  
p = 0.091).
The significant relationships between both Barton (2003 
& 2006) classifications suggest that these broad groups 
capture the variability across the state. Bay and eastern 
estuaries form distinct groups but there is a lot more 
variability in the western and southern estuaries than 
captured by Barton (2006: see Figure 7), with Barton 
(2003) showing a distinction between the estuaries 
west of Hopkins and other western estuaries when 
EPA nutrient regions were included as a third tier of 
classification. The Barton (2003) classification resulted 
in two groups composed of single estuaries (Sealers as 
East 2 and Aire as West 3) which were not adequately 
analysed in the comparison to the physical characteristics 
and need to be incorporated into larger groups.
The lack of a significant relationship between the 
estuarine classification proposed by Mondon et al. (2003) 
for west coast estuaries and the entire Victorian coast is 
not unexpected. They designed their classification to try 
and capture the variability in mouth intermittency in open 
high energy coast estuaries and did not consider estuaries 
that flowed into sheltered coasts. We also had some 
difficulty in accurately determining if estuaries outside of 
those considered in Mondon et al. (2003) had rock bars at 
their mouths or not. The lack of a significant relationship 
for the NLWRA (2002) classified estuary types and those 
described by their estuarine physical characteristics is 
also not unexpected. A classification scheme has to be 
designed at the scale at which it needs to be applied. 
There was far more variation in Victorian estuaries than 
could be discriminated by a national classification. The 
NLWRA classification was not able to ground truth its 
Victorian mapping and large discrepancies exist between 
the size of the estuaries and the presence and extent of 
facies compared to other studies (Table 4, Barton 2006, 
Pope 2006, Mondon et al. 2003).
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2.7  Conclusion
All of the new classifications based on physical 
characteristics of the catchments resulted in at least one 
large group of estuaries that would make no sense to treat 
as a single unit for management and research purposes. 
None of the new classifications offer any advantages 
over the relatively simple classification scheme of Barton 
(2006), which currently provides the best basis for 
grouping Victoria’s estuaries for management purposes. 
This grouping of estuaries is summarised in Figure 7 and 
the estuaries within each group are listed in Table 3. The 
groups of estuaries described in Barton (2006) aimed to 
encompass major forcing factors for estuarine dynamics. 
At a statewide scale, two levels of physical characteristics 
describe differences in a range of factors that include 
mouth intermittency, coastal energy, tides, climate and 
exposure to prevailing weather and currents, catchment 
size, estuary size and freshwater hydrology (Figure 8). 
Transfer of knowledge between estuaries is most likely to 
be successful within these groups, and resource managers 
of estuaries should focus their efforts on getting more 
information about at least some estuaries within these 
groups rather than relying on one or two well-studied 
estuaries for all of Victoria. This is particularly true for the 
smaller open coast estuaries, whose responses to threats 
from catchment land use changes, flow modification 
etc., are unlikely to be similar to estuaries that open into 
embayments or large lagoonal estuaries like the Gippsland 
Lakes. Improvements in grouping estuaries into similar 
types will require better ecological data across a range of 
estuaries.
Figure 7: Classification of Victoria’s estuaries modified from Barton (2006), based on physical characteristics. Estuaries are grouped 
based on whether they are in embayments or on open coasts and the direction of the coastline for the latter. 
Figure 8: The major physical processes influencing the classification in Factor 7: catchment. size, steepness and orientation (green), 
wind direction (blue arrows) and long-shore current and sand movement (yellow arrows). Modified from Barton (2006).
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Coast type Estuary Name  
(Sub-estuaries)
Classification 
type
South Australia to  
Cape Otway
Glenelg River
Wattle Hill Ck
Surrey River
Fitzroy River
Eumeralia River
Moyne River
Merri River
Hopkins River
Curdies River
Campbell Ck
Sherbrook River
Gellibrand River
Aire River
W
W
W
W
W
W
W
W
W
W
W
W
W
Cape Otway to Port Phillip Bay Barham River
Wild Dog Ck
Kennett River
Wye River
Saint George River
Erskine River
Painkalac Ck
Anglesea River
Spring Ck
Thompson Ck
Barwon River
E
E
E
E
E
E
E
E
E
E
E
Port Phillip Bay Swan Bay
Hovell Ck
Little River
Werribee River
Skeleton Ck
Laverton Ck
Koroit Ck
Yarra River
(Stony Ck, 
Maribyrnong River, 
Moonee Ponds Ck)
Elwood Canal
Mordialloc Ck
Patterson River
Kananook Ck
Balcombe Ck
B
B
B
B
B
B
B
B
B
B
B
B
B
Western Port Merricks Ck
Cardinia Ck
Deep Ck
Bunyip River
Yallock Ck
Lang Lang River
Bass River
E
B
B
B
B
B
B
Coast type Estuary Name  
(Sub-estuaries)
Classification 
type
Western Port to Corner Inlet Powlett River
Anderson Inlet
(Screw Ck, Pound Ck, 
Tarwin River)
Shallow Inlet
Darby River
Tidal River
Growlers Ck
Sealers Ck
W
W
W
W
W
W
E
Corner Inlet/ Nooramunga Chinaman Ck
Old Hat Ck
(Poor Fellow Me Ck)
Stockyard Ck
Bennison Ck
Franklin River
Agnes River
Shady Ck
Ninety Mile Ck
Albert River
(Muddy Ck)
Tarra River
Neils’ Ck
Bruthen Ck
B
B
B
B
B
B
B
B
B
B
B
B
Corner Inlet/ Nooramunga to 
New South Wales (excluding 
Gippsland Lakes estuaries)
Jack Smith Lake
Lake Dennison
Merriman Ck 
Bunga River
Lake Tyers
Snowy River
Yeerung River
Sydenham Inlet
Tamboon Inlet
Thurra River
Mueller River
Wingan Inlet
Easby Ck
Red River
Benadore River
Seal Ck
Shipwreck Ck
Betka River
Davis Ck
Mallacoota Inlet
(Double Ck, Genoa 
River, Wallagaraugh 
River, Teal Ck, Dowell 
Ck, Harrison Ck)
E
E
E
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
Table 9: Victorian Estuary Classifications (modified from Barton, 2006).
Classification types:  W = open coast, west facing mouth. E = open coast, east facing mouth
   S = open coast, south facing mouth. B = embayment, sheltered coast.
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One of the main aims of current research on Victorian 
estuaries is to provide information on how human 
activities affect estuarine condition with a view to devising 
best practice guidelines for managing estuaries into 
the future. This project focused on three approaches to 
developing these causal links between human activities 
and estuarine condition:
quantify threats to Victorian estuaries and classify •	
estuaries based on those threats,
link the classifications based on threats to the •	
functional classifications described above,
develop and initiate field programs (given the lack  •	
of estuarine condition data described in Section 1)  
for linking estuarine condition to catchment 
characteristics, flow regime, coastal development, 
mouth state and estuary use.
3.1 Threat-based classifications
These classifications were based on human threats to 
estuarine ecosystems, including:
land use,•	
population density,•	
freshwater quality as measured by the ISC,•	
modification to the freshwater flow regime as •	
measured by the hydrology component of ISC  
(Table 5).
Land use and population density were considered 
separately for the estuarine and fluvial catchments. 
Classification based on catchment condition and flow 
modification was done only for the fluvial catchment. 
Modification to the freshwater estuary catchment land 
use varied from 100% conservation to 100% urban, with 
the mean land use for conservation being 31%, forestry 
8%, dryland agriculture 36%, irrigated agriculture 5% 
and urban 20%. The mean estuary catchment population 
density ranged from 0.6 to 4612 people/km2, with a 
mean of 228 people/km2. 
Like the estuary catchments, land use in fluvial 
catchments ranged from 100% conservation to 100% 
urban. Mean conservation land use was 24%, forestry 
21%, dryland agriculture 41%, irrigated agriculture 2% 
and urban 11%. Mean fluvial catchment population 
density ranged from 0.6 to 2836 people/km2, with a 
mean of 81.5 people/km2.
Bay estuaries had major urban development, reflecting 
human settlement patterns onto large fertile coastal 
plains (Nedwell et al., 1999; Edgar & Barrett, 2000). 
The land use intensity in Victorian estuaries was high, 
especially the degree of urbanisation in their immediate 
catchment, compared to Tasmanian or southern Western 
Australian estuaries (Edgar & Barrett, 2000; Radke et 
al., 2004). As found by Barton (2006), highly developed 
estuarine catchments were also more likely to have 
highly developed fluvial catchments and large estuarine 
catchments were more likely to have large fluvial 
catchments. She found that the estuary catchment land 
use was highly correlated to the estuarine water and 
sediment quality (Barton 2006). Unlike Barton (2006), 
the relationship between the catchments and ecological 
condition measures within the estuary could not be 
compared because there were no condition measures for 
the additional estuaries included in this study.
3.1.1 Land use and population in estuarine 
catchments
Land uses in the estuary catchment can be divided into 
five broad classes, as listed in Table 5: conservation 
and natural (e.g. national/state parks, unused crown 
land), forestry, dryland agricultural production, irrigated 
agricultural production, and intensive (usually urban) use. 
Based on this, the 83 Victorian estuaries clustered into six 
major groups as described in Table 10. Sixteen estuaries 
from Bunga to Mallacoota were grouped together with 
the five Wilson’s Promontory estuaries. Elwood canal was 
distinct from every other estuary in its 100% urban land 
use. Fourteen estuaries with a large percentage of urban 
land use in their estuarine catchments were grouped 
together including seven Port Phillip Bay estuaries, 
six Great Ocean Road estuaries and Wattle Hill Creek 
in Portland. The remaining 38 estuaries formed one 
group. A lot of the variation (31%) between groups was 
explained by the amount of land use for conservation 
versus dryland agriculture. The next largest proportion of 
the variation (27%) was explained by urban land use and 
the remainder by forestry versus irrigated agriculture.
Estuarine population density did not classify estuaries 
into groups as well as land use, with the majority of 
estuaries clustering into two large groups, with four 
additional small groups, as described in Table 11. Twenty-
eight estuaries from Glenelg to Werribee clustered 
as one group and forty-six estuaries from Merricks to 
Mallacoota another. The remaining nine predominately 
urban estuaries split into groups consisting of one to four 
estuaries.
Section 3: Linking human activities to 
estuarine condition
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Table 10: Classification of Victoria’s estuaries based on land use characteristics of the estuarine catchment
Group Estuary
Main characteristics shared by estuaries  
(in decreasing order of importance for each group)
1 Elwood
2 Cardinia, Deep, Little, Nine Mile, Skeleton, Werribee Irrigated production
3 Aire, Gellibrand, StGeorge Forestry
4 Benadore, Betka, Chinaman, Darby, Davis , Easby, Growlers, Mallacoota, 
Mueller, Red, Seal, Sealers, Shipwreck, Snowy, Sydenham, Tamboon, Thurra, 
Tidal, Tyers, Wingan, Yeerung
Forestry, conservation and natural
5 Anglesea, Balcombe, Erskine, Kananook, Kennett, Kororoit, Laverton, 
Mordialloc, Painkalac, Patterson, Spring, Wattle Hill, Wye, Yarra
Intensive uses, forestry
6 Agnes, Albert Rv, Anderson , Barham, Barwon, Bass, Bennison, Bruthen Ck, 
Bunga, Bunyip, Curdies, Dennison, Eumeralla, Fitzroy, Franklin , Glenelg, 
Hopkins , Hovell, Jack Smith, Lang Lang, Merri, Merricks , Merriman, Moyne, 
Neils Ck, PFMOH, Powlett, Campbell, Shady, Shallow, Sherbrook, Stockyard, 
Surrey , Swan, Tarra Rv, Thompson, Wild Dog, Yallock
Dryland production, conservation and natural, intensive 
uses
Table 11: Classification of Victoria’s estuaries based on population density of the estuarine catchment
Group Estuary Mean (+ SE) population density
1 Elwood 4612
2 Skeleton, Yarra 2156 (227)
3 Kananook, Kororoit, Mordialloc, Patterson 1462 (74)
4 Balcombe, Laverton 598 (32)
5 Aire, Anglesea, Barham, Barwon, Curdies, Erskine, Eumeralla, Fitzroy, Gellibrand, Glenelg, 
Hopkins, Hovell, Kennett, Little, Merri, Moyne, Painkalac, Campbell, Sherbrook, Spring, St 
George, Surrey, Swan, Thompson, Wattle Hill, Werribee, Wild Dog, Wye
90 (25)
6 Agnes, Albert Rv, Anderson, Bass, Benadore, Bennison, Betka, Bruthen Ck, Bunga, Bunyip, 
Cardinia, Chinaman, Darby, Davis , Deep, Dennison, Easby, Franklin , Growlers, Jack Smith, Lang 
Lang, Mallacoota, Merricks , Merriman, Mueller, Neils Ck, Nine Mile, PFMOH, Powlett, Red, Seal, 
Sealers, Shady, Shallow, Shipwreck, Snowy, Stockyard, Sydenham, Tamboon, Tarra, Thurra, Tidal, 
Tyers, Wingan, Yallock, Yeerung
10 (3)
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3.1.2 Land use and population in fluvial catchments
Cluster analysis of the fluvial land use resulted in one 
group containing more than half the estuaries (43) with 
the rest of the estuaries forming five groups (Table 12). 
Like the estuarine catchment, the majority of the variation 
between groups in the fluvial land use data set (34%) was 
explained by the amount of conservation versus dryland 
agriculture. The amount of forestry explained 25% of 
the remaining variation and the rest was explained by the 
amount of urban land use. Irrigated agriculture did not 
contribute to variability between groups.
The large fluvial catchment population density of Elwood 
and Mordialloc made them distinct from each other and 
all other estuaries (Table 13). Another group consisted of 
four Port Phillip Bay estuaries, Skeleton, Kororoit, Yarra 
and Kananook. The remaining estuaries were split into a 
group of 28 west estuaries, Glenelg to Laverton excluding 
Skeleton and a central and east group of 47 estuaries, 
both groups with low population densities.
Table 12: Classification of Victoria’s estuaries based on land use characteristics of the fluvial catchment
Group Estuary
Main characteristics shared by estuaries  
(in decreasing order of importance for each group)
1 Wattle Hill
2 Nine Mile
3 Elwood, Kananook, Mordialloc, Neils Ck, Patterson Intensive uses (urbanisation)
4 Benadore, Chinaman, Darby, Easby, Growlers, Mallacoota, Mueller, Red, 
Seal, Sealers, Shipwreck, Snowy, Tidal
Conservation and natural, forestry, dryland production
5 Agnes, Albert Rv, Anderson , Balcombe, Barwon, Bass, Bennison, Bruthen 
Ck, Bunga, Bunyip, Cardinia, Curdies, Deep, Eumeralla, Fitzroy, Franklin , 
Glenelg, Hopkins , Hovell, Jack Smith, Kororoit, Lang Lang, Laverton, Little, 
Merri, Merricks , Merriman, Moyne, PFMOH, Powlett, Campbell, Shady, 
Shallow, Sherbrook, Skeleton, Spring, Stockyard, Tarra Rv, Thompson, Tyers, 
Werribee, Yallock, Yarra
Irrigated production
6 Aire, Anglesea, Barham, Betka, Davis , Erskine, Gellibrand, Kennett, 
Painkalac, StGeorge, Surrey , Sydenham, Tamboon, Thurra, Wild Dog, 
Wingan, Wye, Yeerung
Forestry
Ungrouped Dennison, Swan
Table 13: Classification of Victoria’s estuaries based on population density of the fluvial catchment
Group Estuary Mean (+ SE) population density
1 Elwood 2836
2 Mordialloc 1267
3 Kananook, Kororoit, Patterson, Skeleton, Yarra 315 (104)
4 Agnes, Albert Rv, Anderson , Balcombe, Bass, Benadore, Bennison, Betka, Bruthen Ck, Bunga, 
Bunyip, Cardinia, Chinaman, Darby, Davis , Deep, Easby, Franklin , Growlers, Jack Smith, Lang 
Lang, Mallacoota, Merricks , Merriman, Mueller, Neils Ck, Nine Mile, PFMOH, Powlett, Red, Seal, 
Sealers, Shady, Shallow, Shipwreck, Snowy, Stockyard, Sydenham, Tamboon, Tarra Rv, Thurra, 
Tidal, Tyers, Wingan, Yallock, Yeerung
12 (4)
5 Aire, Anglesea, Barham, Barwon, Curdies, Erskine, Eumeralla, Fitzroy, Gellibrand, Glenelg, 
Hopkins , Hovell, Kennett, Laverton, Little, Merri, Moyne, Painkalac, Campbell, Sherbrook, Spring, 
StGeorge, Surrey , Thompson, Wattle Hill, Werribee, Wild Dog, Wye
12 (4)
Ungrouped Dennison, Swan
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3.1.3 Catchment condition and hydrological 
alteration in fluvial catchments
The Index of Stream Condition (ISC) and, for Melbourne 
Water catchments where this was not measured, 
the Index of River (IRC) condition of the river reach 
immediately above the estuary, provide a description of 
water quality, having both an overall rating based on 5 
sub-indices and a specific hydrological change index. 
Using the ISC/IRC (2004) assessment of the catchment 
condition from the freshwater reach immediately above 
the estuary head the estuaries classified into six groups 
consisting of 5–13 estuaries (Table 14). Group one were 
rated as the best catchment condition through to group 
six with the poorest. ISC/IRC scores were only available 
for 55 estuaries and could not be used for Mordialloc 
and Patterson due to inter-catchment mixing where 
averaging of IRC scores between systems was not 
considered appropriate. Considering just the modelled 
hydrological change sub-index from ISC/IRC (2004) the 
estuaries also classified into six groups of 4–13 members, 
but with different group membership from the total ISC 
score (Table 15). Group one was modelled as having the 
estuaries with the least change in their freshwater flow 
regime, with hydrological change increasing through to 
group six.
Table 14: Classification of Victoria’s estuaries based on catchment condition as assessed by the Index of Stream Condition or Index of 
River Condition for the fluvial catchment. 
Group Estuary ISC band (based on  
mean ISC score)
1 Anglesea, Betka, Erskine, Kennett, Mallacoota, Sydenham Inlet, Thurra, Wye, Wingan Inlet Excellent
2 Barham, Franklin, St George, Tidal, Yeerung Good
3 Fitzroy, Glenelg, Lake Tyers, Merriman, Moyne, Surrey, Tamboon Inlet, Thompson Moderate
4 Agnes, Aire, Albert, Bass, Campbells, Cardinia, Gellibrand, Nine Mile, Painkalac, Spring, Snowy, 
Tarra, Wattle Hill
Moderate
5 Anderson, Bennison, Bunyip, Curdies, Deep, Eumeralla, Skeleton, Werribee Poor
6 Balcombe, Barwon, Bruthen, Hopkins, Hovell, Kororoit, Lang Lang, Little, Merri, Powlett, Yallock, 
Yarra
Poor
estuaries without
ISC/IRC scores
Benadore, Bunga, Chinaman, Davis, Easby, Elwood, Growlers, Jack Smith Lake, Lake Dennison, 
Mueller, Neil’s, PFMOH, Red, Seal, Sealers, Shady, Shallow Inlet, Sherbrook, Shipwreck, 
Stockyard, Swan Bay, Wild Dog
N/A
Table 15: Classification of Victoria’s estuaries based freshwater flow regime alteration as assessed by the hydrology component of the 
Index of Stream Condition or Index of River Condition for the fluvial catchment. 
Group Estuary ISC/IRC hydrology score
1 Aire, Anglesea, Erskine, Kennett, Mallacoota, Skeleton, Sydenham, Tamboon, Thurra, Tidal, 
Wingan, Wye, Yeerung
8–10
2 Betka, Campbells, Fitzroy, Lake Tyers, Surrey, Moyne, Nine Mile, Thompson 6–7
3 Agnes, Albert, Bruthen, Cardinia, Eumeralla, Franklin, Merriman, St George, Tarra, Wattle Hill, 4–5
4 Barham, Bass, Bennison, Curdies, Deep, Kororoit, Gellibrand, Lang Lang, Powlett, Spring 3
5 Anderson Inlet, Balcombe, Bunyip, Glenelg, Hopkins, Hovell, Merri, Painkalac, Yallock, Werribee 2
6 Barwon, Little, Snowy, Yarra 1
estuaries without
ISC/IRC scores
Benadore, Bunga, Easby, Chinaman, Davis, Elwood, Growlers, Jack Smith Lake, Lake Dennison, 
Mueller, Neil’s, PFMOH, Red, Sealers, Shady, Shallow Inlet, Sherbrook, Shipwreck, Stockyard, 
Swan Bay, Wild Dog 
N/A
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3.1.4 Summary of threats classifications
The groupings of land use patterns in estuarine and  
fluvial catchments did not reflect the physical 
characteristics groupings. For estuarine land use,  
estuaries in the National Parks of east Gippsland and 
Wilson’s Promontory were grouped together (Table 10).  
Forestry in their estuarine catchments grouped St 
George, Gellibrand and Aire together. The inclusion of six 
Great Ocean Road estuaries and Wattle Hill in Portland 
with seven highly urban Port Phillip Bay estuaries may 
surprise many who have not appreciated the high level 
of urbanization in estuarine catchments outside of 
Victoria’s capital city. Another grouping of Port Phillip 
and Western Port estuaries represents the concentration 
of irrigated agriculture in those parts of the catchments. 
Population density on its own did not adequately capture 
the variability between the estuaries with essentially a 
grouping of western and eastern Victorian estuaries and 
some separation of nine Port Phillip Bay estuaries.
In the fluvial catchments irrigated agriculture did not 
contribute to groupings. This reflects the predominance 
of this land use in coastal plains and not in the more 
hilly fluvial catchments. The amount of forestry in 
fluvial catchments grouped Great Ocean Road estuaries 
together. There was a greater diversity in the group that 
reflected high amounts of conservation land uses in the 
fluvial catchments compared to the equivalent group 
for estuarine catchments. A surprise in the grouping 
dominated by urban land use was the inclusion of 
Neils Creek in Corner Inlet/Nooramunga. Like estuarine 
population density, fluvial population density did not 
distinguish groups of estuaries as well as land use. It was 
dominated by high population densities in catchments of 
Port Phillip Bay estuaries.
In summary, the proportion of land in the estuarine 
catchment used for conservation seemed to be the major 
feature grouping estuaries, followed by the amount of 
urban development. The amount of land allocated to 
forestry and agricultural production did not distinguish 
between the larger estuary groups, but did characterise 
two smaller groups (three Otways estuaries dominated 
by forestry and six estuaries closer to Melbourne 
with considerable irrigated agricultural production). 
The proportion of land in the fluvial catchment used 
for conservation, irrigated agriculture and forestry 
characterised the three largest groups of estuaries, with 
a small group of urban estuaries with high population 
densities. 
The total ISC/IRC score gives a broader assessment of 
the river and its water quality than either land use or 
population density alone. It highlights estuaries with 
excellent versus poor fluvial condition and may prove 
useful for comparing aspects of estuarine condition 
linked to upstream influences. Estuaries in remote areas 
and with small fluvial catchments are underrepresented 
by ISC/IRC measurements. The hydrological component 
of the ISC/IRC provides the best available means of 
comparing changes to freshwater inflows across Victorian 
estuaries.  In general poor hydrology scores are reflected 
in poor total ISC/IRC scores.  Notable exceptions were 
Skeleton and Aire with good hydrology but poor overall 
condition and Barham, Glenelg and Snowy with poor 
hydrology but good overall condition.
Spatial data layers from this project identify land uses and 
population densities separately for estuarine and fluvial 
catchments across Victoria. These layers can provide 
managers with consistent information for planning 
and resource management. They can be used to assess 
the most likely threats to estuaries, and to prioritise 
rehabilitation/mitigation efforts. While the classifications 
based on land use did not produce useful groupings of 
estuaries for broad-scale management, they are valuable 
for managers of specific systems to identify estuaries with 
similar threat characteristics to theirs.  At a statewide 
level, ISC-based classifications provided better group 
resolution than either land use or population density 
alone and the hydrology component represents the only 
consistent measure of hydrological change.
3.2 Relationships between functional and 
threat characteristics 
The relationship between functional (e.g. based on 
physical characteristics) and threat characteristics are 
summarised in Table 14. Not surprisingly, the physical 
characteristics (geology, geomorphology, rainfall) of 
estuary catchments were correlated to those of the 
associated fluvial catchments, indicating that these 
physical conditions were consistent from the headwaters 
down to the estuary entrance. The same was true for land 
use and population density measures, with these also 
being correlated between estuary and fluvial catchments. 
This reflects that highly modified upstream catchments 
drain into estuaries with modified catchments and/or high 
population densities.
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The lack of the relationship between the estuarine 
catchments’ physical characteristics and their land use and 
population density was surprising given that it is thought 
that coastal plains are more likely to be under intense 
agriculture or urbanization compared to steeper coastal 
regions. The small size of the majority of the estuarine 
catchments relative to the kilometre square scale at which 
land use and population were mapped may have masked 
relationships. Unlike for the estuary catchment, fluvial 
physical characteristics were significantly correlated with 
land use and population density.
For the 55 estuaries that had ISC/IRC assessments, 
the ISC/IRC was correlated to both the estuarine and 
fluvial physical characteristics and land use (with a 
stronger correlation to land use in fluvial catchments 
than in estuarine catchments). Overall ISC scores were 
not significantly correlated to population density.  The 
hydrological score had a similar pattern of relationships 
to threats in estuarine and fluvial catchments, but was 
significantly correlated to population density in fluvial 
catchments where the overall ISC was not. 
Table 16: A summary of the relationship between physical and threat characteristics. The number of the stars indicate the significance 
of the relationship (NS p>0.05; * p<0.05; ** p<0.01; *** p<0.001), and the higher correlation coefficient values (Rho) indicate the 
stronger relationships between the characteristics.  ISC comparisons are based on the subset of systems where scores exist.
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3.3 Linking estuarine condition to threats
Existing assessments of catchment and river condition 
can inform estuarine-condition assessment providing they 
are used appropriately and in context (see Appendix 2). 
Highly-modified estuarine systems can be readily identified 
by their lack of hydrological connection with their 
estuarine catchment (via built banks and channelisation), 
removal of vegetated habitat (e.g. saltmarsh, wetland 
and mangroves), hydrological alteration (such as major 
fresh water extraction, artificial or permanent mouth 
opening), intense land use in the estuarine and fresh 
water catchment, and pollution by industrial and urban 
stormwater (Barton, 2006). Minimally-modified systems 
are those without major obvious alterations, usually with 
the estuarine or entire catchments managed for nature 
conservation. Importantly, these minimally modified 
systems in Victoria may still have considerable fresh water 
extraction and active mouth-opening management (i.e. 
Glenelg River, Barton & Sherwood, 2004). Minimally-
modified estuaries in Victoria are usually small and/or 
remote from major urban centres (NLWRA, 2002; Barton, 
2006). For the majority of Victorian estuaries, information 
about the type and magnitude of threats and the state of 
the system has not been collated (Barton, 2006). 
Sediments are likely to prove an important component 
of future condition assessment in Victorian estuaries. 
In Tasmania, a relationship has been shown between 
population density and estuarine sediment grain size 
(Edgar & Barrett, 2000), but this relationship has not yet 
been tested for Victorian estuaries. Quality of benthic 
habitat can be predicted by assessments of catchment 
land use, and land use analysis was seen as a cost-
effective method to identify potentially threatened 
estuaries by Hale et al. (2004). Sizes and shapes of 
estuaries and the quality and quantity of water have 
probably changed due to anthropogenic threats (Roy 
et al., 2001; Kennish, 2002). Increased sedimentation 
due to changed land use in the fluvial and estuarine 
catchments may lead to an infilling of the estuary, 
decreasing its depth (Roy et al., 2001). Decreased scour 
from high freshwater flows can also cause shallowing of 
estuaries (de Villiers & Hodgson, 1999; Wooldridge, 1999; 
Gillanders & Kingsford, 2002; Pierson et al., 2002).
3.3.1 New work linking estuary catchment 
development and microbial function in estuary 
sediments
Now that this project has determined the extent, physical 
characteristics, land uses and population densities of 
estuaries and their catchments in Victoria, new research 
is required to address the question about causal links 
between the impacts of humans and measures of 
estuarine condition. Barton (2006) showed that the 
function of microbial communities in sediments could 
be relatively easily and cheaply measured in estuarine 
systems and was related to the level of human activity in 
estuaries in Victoria. This project identified and lead to 
a new field study that has selected eight eastern-facing 
estuaries along the Great Ocean Road with minimum 
fluvial catchment development but marked differences 
in estuary catchment development. These estuaries 
ranged from highly modified estuary catchments (e.g. 
Anglesea River, Spring Creek) to relatively unmodified 
estuary catchments (e.g. St George River, Wild Dog 
Creek). At each estuary in December 2007, sediment 
size and sediment nutrients (N, P), sediment chlorophyll 
and phaeophytin (measures of primary production) 
and microbial community function were measured at 
two sites. Water physicochemical variables were also 
recorded at surface and depth at three sites. Laboratory 
analysis has been completed for nutrients, chlorophyll 
and microbial community function. GIS derived physical 
characteristics, land use and population density have 
also been collated. Further sampling to describe seasonal 
patterns is necessary before data can be analysed to test 
for differences in variables that might indicate condition 
(microbial activity, primary productivity) and degree of 
estuarine catchment development as a threat. This will 
build on the findings of Barton (2006) to assess the utility 
of these response variables as indicators of estuarine 
condition for Victorian estuaries, and will contribute to 
the development of an Index of Estuarine Condition.  This 
project will be completed by Deakin University.
3.3.2 New work linking estuary catchment 
population density and structure of estuary 
sediments
Edgar et al (1999) showed that for Tasmanian estuaries, 
no matter what type of estuary, population densities 
>10 people/km2 were associated with estuaries having 
muddy rather than sandy sediments. Barton (2006) had 
collected cores of sediment from two sites in each of 21 
Victorian estuaries. The current project has identified and 
lead to a new field study that has processed these cores 
for sediment size distribution to distinguish sandy and 
muddy sediments. Analysis has commenced to relate 
sediment size and type in these estuaries to the data from 
this project on population density within the estuarine 
catchment, to test whether the relationship found by 
Edgar et al (1999) also holds for Victorian estuaries. If 
this relationship does hold, it suggests that sediment 
36
type and size, which are relatively easily measured, may 
be useful indicators of estuarine condition in response to 
human activity. This project will be completed by Deakin 
University.
3.3.3 Future opportunities for linking threats to 
estuarine condition
Once broad-scale measures of ecological condition of 
estuaries themselves are available, broad-scale correlations 
between threats and estuarine condition can be tested. 
The next step is to use this approach to generate more 
refined hypotheses that can be assessed using two other 
methods as outlined below.
Estuary responses to natural “pulse” disturbances. 1. 
This approach relies on targeted sampling before and 
after (BACI) specific and discrete events, such as floods, 
droughts, mouth opening/closing, deoxygenation 
events etc. Ideally, the before and after sampling 
would be within affected estuaries but also in control 
estuaries not affected by the events. 
Evaluate response of estuaries to specific management 2. 
actions. This approach treats management actions as 
ecosystem experiments and monitors likely responses 
before and after the intervention, ideally including 
control estuaries that do not receive the intervention. 
Possible suitable management actions include 
environmental flow releases, nutrient management 
schemes, and estuary mouths being artificially opened.
These two “experimental” approaches are longer-term 
targets for understanding estuary response to human 
alteration. For both approaches, there are logistic and 
design issues, as well as potentially complex negotiations 
with managers. Nonetheless, it is important that options 
for management actions and sampling/experimental 
designs are developed in the short-term so that adequate 
before-intervention data can be collected.
37
An aim of this project was to determine cause-effect 
relationships between human activities and estuary 
condition across Victoria. To do this all potentially 
relevant data sources were and reviewed. The majority 
of data that was consistent and relevant to all Victorian 
estuaries related to the broader landscape rather than to 
waterways specifically. This report collates a wide range 
of published information about Victoria’s estuaries and 
provides a comprehensive bibliography of published 
reports, theses and scientific papers. The majority of 
research has focused on western Victorian estuaries, 
primarily via student (Honours and MSc/PhD) projects at 
Deakin University in Warrnambool. Prior to this project, 
the exact upstream extent was known for less than half 
of Victoria’s estuaries. An extension to this current project 
is addressing this knowledge gap with additional field 
sampling. Only a few estuaries have rigorously collected 
ecological data, nearly always based on one-off sampling 
or very short time series, and specific sampling locations 
and/or habitats are rarely identified in published reports 
or theses for most estuaries. In addition, most smaller 
estuaries lack flow gauges and do not have Index of 
Stream Condition reaches upstream. The implication 
of these findings is that we currently do not have data 
of sufficient quality or spatial and temporal extent to 
measure the condition of Victoria’s estuaries, nor to 
formally examine the response of estuaries to changes in 
key threats such as land-use, hydrology, artificial mouth 
openings or coastal development. Despite limitation, this 
report provides a concise reference of all known spatial 
and temporal data which can be used as a baseline for 
further monitoring, research and management. 
Despite the enormous amount of additional information 
collected on estuarine and fluvial catchment physical 
characteristics and land use during this project, 
classification of Victoria’s estuaries into groups of 
similar types to facilitate management and policy is still 
problematical. This project tested all existing classification 
schemes and used the new catchment data to develop 
new classifications. None of the new classifications 
provided any improvement over the physically-based 
classification of Barton (2006), which grouped estuaries 
based whether they were in embayments or opened 
onto exposed coastlines, and on coastal aspect (west, 
south or east facing) for the latter category. This is an 
important result, suggesting that these broad categories 
can be used to develop management strategies across 
multiple estuaries based on transfer of our current 
understanding of estuarine function between those 
systems. These groupings will also allow testing of links 
between threats and estuarine condition by comparing 
estuaries within each group that differ in specific land 
use or population characteristics. This project has 
commenced data collection based on this strategy to 
test these links. Estuarine researchers and managers now 
have detailed measurements of land use and population 
densities for the estuarine and fluvial catchments of 
Victoria’s estuaries, and this information will be critical for 
developing predictive models that link estuarine condition 
to key threats such as changes in hydrology, land use and 
coastal development.  
This project has greatly enhanced knowledge of the 
physical characteristics and patterns of land use and 
population density for estuaries and their upstream 
catchments in Victoria. These spatial layers are now 
available to estuary managers through the Department of 
Sustainability and Environment for use in risk assessment, 
planning, and prioritisation activities. The importance 
of the estuarine catchment (as opposed to fluvial) to 
estuarine condition has been reinforced. These areas, 
as identified by the spatial data, should be a focus for 
activities that aim to maintain and improve the condition 
of estuaries. Other benefits from this project include 
improvements in the knowledge of estuarine extent and 
establishment of the value of the ISC for summarising 
upstream threats. 
The bibliography of research on Victoria’s estuaries has 
not previously been available, and has provided impetus 
for a statewide consensus across natural resource 
management agencies on estuarine research priorities 
(Appendix 4) and led to development of a discussion 
paper with the National Land and Water Resources Audit 
on development of a report carding system for Victorian 
estuaries (Appendix 5). Two new field-based studies were 
also identified and lead to test causal links between a 
particular threat (population density around an estuary) 
and potential indicators of estuarine condition (sediment 
and water “quality”). These studies will be completed 
by Deakin University. Once a framework for measuring 
estuarine condition is designed (see Appendix 2) and 
field data collected, predictive models linking estuarine 
condition to the range of threats arising from human 
activities in the local and upstream catchments of estuaries 
can be developed for use in an effective, targeted and 
truly adaptive management regime. 
Conclusions and recommendations
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Most of our understanding Victoria’s estuaries, outside 
of major bays and inlets, is focused on the following 
systems.
Glenelg – The hydrology of the Glenelg is relatively 
well understood and it has been the focus of numerous 
studies (Sherwood, 1985; Hamilton, 1995; Rowlings, 
1996; Sherwood et al., 1998; Matthews, 1999; Moverley 
& Hirst, 1999; Grixti, 2003; Mondon et al., 2003; Hirst, 
2004; Barton, 2006). The GHCMA has commissioned 
habitat mapping of the Glenelg by the Victorian 
Department of Primary Industry. Parks Victoria artificially 
opens the estuary, with a defined trigger level and pre- 
and post- dissolved oxygen monitoring conducted by 
Deakin University. The knowledge about this estuary was 
reviewed in Barton and Sherwood (2004).
(+: current monthly water quality monitoring at multiple 
sites conducted by Thiess Environmental Services for 
Glenelg Hopkins Catchment Management Authority)
Surrey – This estuary has been studied as part of two 
PhD projects (Barton, 2006; Becker, 2007) with a few 
other studies (Farrington, 1996; Moverley & Hirst, 1999; 
Farrington et al., 2000; Mondon et al., 2003; Hirst, 2004). 
The GHCMA has commissioned habitat mapping of the 
Glenelg by the Victorian Department of Primary Industry. 
The estuary is artificially opened by Parks Victoria with 
pre- and post- dissolved oxygen monitoring undertaken 
by Deakin University. GHCMA has installed an oxygen 
logger in the estuary following a large fish kill.
Fitzroy – This estuary has been studied as part of one 
PhD project (Barton, 2006) with a few other studies 
(Farrington, 1996; Moverley & Hirst, 1999; Farrington 
et al., 2000; Mondon et al., 2003; Hirst, 2004). The 
estuary is artificially opened by Parks Victoria with pre- 
and post- dissolved oxygen monitoring undertaken by 
Deakin University. The knowledge about the estuary was 
reviewed in Barton and Sherwood (2004).
Yambuk (Eumeralla) – Studies on this estuary include 
research into fish uses of habitats (Tyndall, 2001), habitat 
inundation (Besley, 2000) invertebrates (Moverley & 
Hirst, 1999; Hirst, 2004) and classification (Mondon 
et al., 2003). The GHCMA has commissioned habitat 
mapping of the Glenelg by the Victorian Department of 
Primary Industry. The estuary is artificially opened by Parks 
Victoria with pre- and post- dissolved oxygen monitoring 
undertaken by Deakin University.
Moyne – Information on this estuary is primarily from 
Matthews (1999) and Mondon et al. (2003) and was part 
of a statewide survey of estuarine invertebrates (Moverley 
& Hirst, 1999; Hirst, 2004). It is an open coast estuary that 
is kept permanently open with training walls.
Merri This estuary has been studied as part of one PhD 
project (Barton, 2006), with other studies (Mcgregor, 
1995; Kenny, 1998; Kolotelo, 1999; Matthews, 1999; 
Mondon et al., 2003) including a project on the hydrology 
of this system (Fenton MSc, Deakin University). The 
estuary is artificially opened by Parks Victoria with pre- 
and post- dissolved oxygen monitoring undertaken by 
Deakin University.
Hopkins – This estuary probably has the most 
comprehensive understanding of hydrology, water 
chemistry, habitat occurrence, zooplankton, and 
macroinvertebrates of any Victorian estuary. It has been 
the focus of six PhD project (Newton, 1994; Walsh, 1994; 
Rouse, 1998; Matthews, 2001; Arundel, 2003; Barton, 
2006), with resulting papers (Walsh & Mitchell, 1995; 
Newton, 1996; Newton & Mitchell, 1999; Matthews 
& Fairweather, 2003; Matthews & Constable, 2004; 
Matthews & Fairweather, 2004; Matthews, 2006; 
Matthews & Fairweather, 2006), one Masters thesis 
(Parreira, 2000) and numerous other studies (Sherwood, 
1985; Willis, 1991; Bantow et al., 1995; Hamilton, 1995; 
Farrington, 1996; Harney, 1996; Rowlings, 1996; Meyer, 
1997; Dyson, 1998; Untank, 1998; Beckman, 1999; 
Howell, 1999; Moverley & Hirst, 1999; Farrington et al., 
2000; McClusky, 2001; Coates & Guo, 2003; Mondon 
et al., 2003; Hirst, 2004; Howell et al., 2004). The local 
council and GHCMA artificially open the estuary with pre- 
and post- dissolved oxygen monitoring undertaken by 
Deakin University. The knowledge about this estuary was 
reviewed in Bantow et. al. (1995).
Curdies – This estuary has been studied as part of two 
PhD projects (Arundel, 2003; Barton, 2006) and a few 
other studies (Lucas, 1990; Pearce, 1994; De Silva et 
al., 1998; Lonza, 1999; Matthews, 1999; Maher, 2001; 
McClusky, 2001; Arundel, 2003; Mondon et al., 2003). 
The estuary is artificially opened by Parks Victoria with 
pre- and post- dissolved oxygen monitoring undertaken 
by Deakin University. The knowledge about this estuary 
was reviewed in Barton and Sherwood (2004).
Appendix 1: Well studied estuaries:  
a summary
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Gellibrand – This estuary has been the focus of much 
hydrological research due to its extensive water extraction 
to supply townships of south-western Victoria. It has 
been studied as part of two PhD projects (Arundel, 2003; 
Barton, 2006) and numerous other studies (Sherwood, 
1983; Koehn, 1984; Sherwood, 1984, 1985; Earl & 
Bennett, 1986; Tunbridge & Glenane, 1988; Kelly, 2000; 
McKay, 2000; McClusky, 2001; O’May & Wallace, 2001; 
Walker, 2001; Robson et al., 2002; Arundel, 2003; 
Mondon et al., 2003; Sherwood, 2005). The estuary 
is artificially opened by Parks Victoria, with pre- and 
post- dissolved oxygen monitoring conducted by Deakin 
University The knowledge about the estuary was reviewed 
in Barton and Sherwood (2004).
Aire – This estuary has been studied as part of one PhD 
project (Barton, 2006) and a few other studies (Head & 
Stuart, 1980; Koehn & Raadik, 1991; Parr-Smith et al., 
1993; Moverley & Hirst, 1999; Fenton, 2003; Kelson, 
2003; Mondon et al., 2003; Hirst, 2004; Barton, 2006). 
The estuary is artificially opened by Parks Victoria with 
pre- and post- dissolved oxygen monitoring undertaken 
by Deakin University. The knowledge about this estuary 
was reviewed in Barton and Sherwood (2004).
Barham – This estuary has been studied as part of two 
PhDs (Barton, 2006, Pope 2006) and currently part of 
another looking at the influence of estuaries on the near 
shore environment (McKenzie PhD, Deakin University). 
Other studies include Fenton (2003) and Mondon et al. 
(2003). Its environmental flow requirements have been 
reviewed and data were found to be lacking (Sherwood & 
Fenton, 2003).
Painkalac – This estuary has been the focus of one 
PhD study (Pope, 2006) and part of another (Barton, 
2006), with a few other studies (Moverley & Hirst, 1999; 
McClusky, 2001; Mondon et al., 2003; Barton, 2006; 
Pope, 2006). A study of bird use and water level is one of 
the longest Victorian estuary data sets (Reilly, 1998). Its 
mouth is artificially opened by the foreshore committee 
and Barwon Water is currently supporting a project 
reviewing its environmental flow requirements.
Anglesea – This estuary has been the focus of one PhD 
study (Pope, 2006) and part of another (Barton, 2006), 
with a few other studies in it and its catchment (Atkins & 
Bourne, 1983; McClusky, 2001; Hermon, 2002; Mondon 
et al., 2003). Its mouth is artificially opened by the 
foreshore committee. This estuary has a freshwater flow 
gauge but it has been recently decommissioned.
Barwon  – This estuary has been relatively intensively 
studied, the focus of one PhD project (Gwyther, 2002), 
with resulting papers (Gwyther & Fairweather, 2002; 
Gwyther, 2005; Gwyther & Fairweather, 2005)  and 
numerous other studies (Sherwood, 1985, 1988; 
Baumgartner, 1998; Cranston, 2000; Lee, 2000; Tarvers, 
2001; Mondon et al., 2003; Byrne, 2004). The hydrology 
and meiofauna is particularly well known and it has 
the western most occurrence of mangroves in Victoria. 
It is unusual in that it is an open coast estuary that is 
permanently open.
Yarra –  There is a range of studies on the Yarra estuary 
(Neale & Bayly, 1974; Beckett et al., 1978; Poore & 
Kudenov, 1978; Beckett et al., 1982; Sokolov & Black, 
1996; EPA, 1997; Cotter et al., 2004; Sherwood & Crook, 
2005; SKM, 2005), with a review of current information 
for it and other Port Phillip Bay and Western Port estuaries 
undertaken by Deakin University (Arundel & Barton 
2007).
Other Victorian estuary studies include:
Bemm on black bream (Versace, 2003), mullet (Rowlings, 
1996) and on sandworms (Koning, 2005)
Snowy on estuary eels (Clifford, 2000), mullet (Rowlings, 
1996) and Black Bream (Farrington, 1996; Farrington et 
al., 2000)
Shallow Inlet on seagrass and propeller scars 
(Lazzarotto, 1999), bait harvesting (Mills, 1999) and 
invertebrates (Moverley & Hirst, 1999; Hirst, 2004).
Corner Inlet itself has been the focus of many studies 
(Molloy et al., 2005), since 2001 the surface water of four 
sites near major tributaries have been sampled weekly as 
part of a Waterwatch program (Port Albert jetty, Franklin 
River entrance, Port Welshpool boat ramp, and Toora 
boat ramp). Estuaries running into Corner Inlet have not 
been the focus of many studies (Barton, 2006).
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Criteria for evaluating Indicators
Estuarine indicators have been reviewed in their local 
context by Deeley and Paling (1999) and Barton (2003, 
2006) and are placed in context in Table 1. The many 
criteria for evaluating indicators in marine and freshwater 
monitoring programs have been summarised by Keough 
& Quinn (1991), Fairweather (1999) and Downes et al. 
(2002). Criteria for evaluating indicators are described 
below.
Indication of something useful
The first question that needs to be asked of any proposed 
indicator is “indicator of what?”. Broadly speaking, 
indicators are commonly used for three different 
purposes.
Biota can be used to measure chemical properties •	
of water, especially the presence or concentration of 
pollutants or toxicants. Some animals are recognised 
as bio-accumulators, especially filter-feeders or animals 
at the top of the food chain. Some chemicals may be 
more easily detected in the tissues of these animals 
than in the surrounding water. Animals and plants can 
also show morphological, physiological or ecological 
responses to pollutants, which may be useful early-
warning signs that there is a problem within a water 
body.
Many management plans and state and federal •	
legislation require the protection of “biodiversity” in 
ecosystems. Because of uncertainty in the taxonomy 
of some marine and freshwater groups of biota, and 
lack of knowledge about distributions, actual measures 
of biodiversity will be difficult and time consuming 
for many aquatic ecosystems. An alternative is to use 
biodiversity indicators, which may involve identifying 
animals and plants to coarser taxonomic levels (e.g. 
family instead of species) or measuring diversity of 
“habitats” as a surrogate for biotic diversity. Validation 
of both approaches would be required in estuaries 
before either could be used as an indicator of 
biodiversity.
The recent focus in freshwater ecosystems has •	
been using indicators of ecosystem “health” or 
“condition”. The definition of ecosystem health has 
been controversial but usually involves some predicted 
measure of a characteristic of the ecosystem in the 
absence of human disturbance. This might require 
the identification of a reference ecosystem, e.g. a 
comparable river that is less affected by humans and 
represents what a specific river might have once looked 
like. The National River Health Monitoring Program 
and Sustainable Rivers Audit in part use this approach. 
It is difficult to imagine reference estuaries for those 
seasonally closed estuaries in Victoria, especially 
in western Victoria, so this approach may not be 
applicable for estuaries.
The focus for estuarine management and planning in •	
Victoria is on developing indicators for the ecological 
health or condition of estuaries and linking these 
indicators to the main human and natural drivers 
that will affect estuaries. Given the absence of actual 
“reference” estuaries for much of our coastline, 
ecological condition will need to be determined by 
comparison to unimpaired condition using robust 
conceptual models of how estuaries are affected by 
human activities upstream and locally.
Cost-effectiveness
Indicators will usually be incorporated into monitoring 
and assessment programs, which are commonly 
constrained by lack of funds (along with other issues such 
as poor designs). It is essential, therefore, that indicators 
can be measured in a cost-effective manner, especially 
by staff working for state and regional agencies such as 
CMAs. This may rule out indicators that require specialist 
taxonomic expertise, that involve expensive analysis of 
particular chemicals, or that need large amounts of field 
staff and time.
Available data
The choice of indicators for a particular estuary will 
be influenced by the availability of existing data for 
particular indicators and particular estuaries. Such data 
are important for two reasons. First, our ability to detect 
trends in estuarine condition, particularly over the short 
to medium term, relies on existing data to indicate past 
and current conditions. Secondly, designing sampling 
programs to detect temporal and spatial patterns require 
measures of variability in selected indicators to use in 
statistical power analysis; existing data can provide these 
measures of variation. There are a small number of 
Victorian estuaries for which temporal data are available, 
such as those monitored by the EPA and Glenelg Hopkins 
CMA and those which have been used in PhD projects 
such as those by Barton (2006) from Flinders University 
and Matthews (2001), Arundel (2003) and Pope (2007) 
from Deakin University.
Temporal and spatial scales
Many of the characteristics of aquatic ecosystems that are 
of interest to managers and other stakeholders might only 
show responses to changes in the drivers over longer time 
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frames, e.g. years to decades (Table 1: Deeley & Paling, 
1999). For example, breeding of waterbirds can only be 
measured on an annual basis so it will take many years 
before a trend can be detected. Unfortunately, resource 
managers need information about ecosystem condition 
changes much more quickly as many decisions are 
being made over the time frame of 1–3 years. We must, 
therefore, be able to provide a range of indicators that 
measure short-term responses to drivers but also those 
that indicate longer-term trends in characteristics with 
slower turnover times. Ideally, the indicators that provide 
shorter-term measures of change might also integrate 
over spatial scales, thereby providing a recent history of 
estuarine condition.
Causal links to drivers
While indicators for estuaries can provide information 
about current condition, such information is most 
valuable when we can link current condition, and 
changes in condition, to potential threats. For estuaries, 
the main drivers of estuarine condition are likely to be 
catchment land-use patterns, flow regime (including 
environmental flows as a restoration tool), urban and 
coastal development around the estuary, recreational (e.g. 
fishing, boating) and commercial (e.g. industry) use, and 
whether the estuary mouth is opened or closed. Initially, 
indicators can be chosen based on our conceptual models 
of how estuaries function and links to drivers of estuarine 
condition and also using the criteria listed above. Causal 
links between the chosen indicators and the putative 
drivers should then be validated using one or more of the 
following three approaches:
Use existing data, supplemented by targeted fieldwork, •	
to evaluate correlations between indicators and drivers, 
either across estuaries or through time. The existing 
datasets are likely to be more suitable for spatial 
correlations, as the time series for data on estuarine 
conditions for individual estuaries are likely to be short.
Examine the responses of indicators to pulsed natural •	
disturbances, such as a flood, or a mouth opening 
event. This approach will be most suited to indicators 
that respond in the short-term, and will only be 
applicable for some of the drivers that can act as pulse 
disturbances.
Treat management actions as ecosystem experiments •	
and design monitoring programs that evaluate 
the responses of indicators to these management 
interventions. Examples of interventions that might 
be suited to this approach include implementation 
of environmental flows (or at least specific water 
allocations), artificially opening an estuary mouth, or a 
specific coastal development project.
Threats
The criteria and discussion above is mainly concerned 
with indicators of estuarine condition. It is also important 
that we have suitable, quantitative, measures of the 
threats to estuarine condition. Sources of data for these 
different drivers are described below.
GIS data layers provide patterns of catchment land-use •	
and condition for a range of Victorian catchments. An 
important first step will be to assess whether these 
data layers are adequate for the smaller rivers that 
enter the Victorian coastline via estuaries.
River gauge records should allow historical and current •	
flow patterns to be summarised. Appropriate summary 
indicators of changes in flow patterns (compared to 
natural flow regimes) are available, e.g. Amended 
Annual Proportional Flow Deviation from the Index 
of Stream Condition or the more recently developed 
Flow Stress Ranking score. The limitation is that not all 
estuaries have gauged rivers.
Local councils and state governments will have some •	
records of past and present coastal development and 
commercial use of estuaries. The quantity and quality 
of this information will be very variable, good for some 
high profile estuaries near major urban centres but 
weaker for smaller estuaries. In practice, this may not 
be an issue as commercial and urban issues will mainly 
be a factor for the larger estuaries near urban centres. 
The unknown will be recreational use of estuaries; 
much anecdotal information might exist but little 
quantitative data on type or intensity of recreational 
activities, with the exception of commercial and 
recreational fishing records held by PirVic.
Potential indicators of estuarine condition
The following list summarises some potential indicators 
of estuarine condition, based primarily on reviews of 
the literature by (Deeley & Paling, 1999; Barton, 2003; 
McGwynne & Adams, 2004; Barton, 2006). We have 
provided some tentative links to key drivers of estuarine 
condition but these links need further discussion as 
part of developing conceptual models in the project 
on an Index of Estuarine Condition. Some more detail 
of hypothesised links between drivers and estuarine 
responses is provided in Table 1.
Physical and chemical
Sediments
The nature of sediment supply to, and distribution 
within, an estuary is important to the condition of an 
estuarine ecosystem. The sediment is the location for 
many biogeochemical processes (e.g. denitrification, 
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carbon transformations, nutrient release from rewetted 
sediments etc.) and provides a habitat for algae and 
invertebrates, and a feeding ground for some fish 
and bird species. Changes in the type and supply of 
sediment can markedly alter water depths and affect the 
distribution of biota relying on particular combinations 
of depth and substratum type. Sediment is very likely 
to be affected by catchment land-use practices, with 
extensive land-clearing (especially riparian clearing) 
increasing sediment run-off into rivers or directly into 
estuaries. Reduced flows combined with longer periods 
of estuary mouth closure are also likely to reduce channel 
scouring and increase sediment deposition with estuaries. 
Sediments can also be sinks for various chemicals 
(including toxicants) and altered water quality may well 
be reflected in altered chemical loads within sediments. 
So indicators of sediment type, supply and distribution are 
probably important components of estuarine monitoring 
and management. Indicators might include:
spatial distribution of sediment types within estuaries,•	
changes in estuary bathymetry/depth, •	
sediment cores to measure sedimentation and chemical •	
composition,
sediment load estimates for catchments,•	
oxic/anoxic depths in sediment.•	
Nutrients and carbon
Nutrient loads in estuaries are generally considered to 
have increased from natural due to extensive agriculture 
in most coastal catchments and increased run-off (with 
less filtering) into rivers as a result of land and riparian 
clearing. The main impact of increased nutrient loads is 
increased primary productivity, potentially resulting in 
blooms of algae (including toxic species). Algal blooms 
are now thought to be a common occurrence in Victorian 
estuaries and recreational activities in some estuaries 
have to be restricted during such blooms (e.g. the lower 
Merri River in 2006). While algal indicators are considered 
below, there are other direct indicators of nutrient 
status of estuaries and supplying waters that would be 
important components of estuarine monitoring and 
assessment programs. The types and amount of carbon 
entering estuaries are also likely to have changed as a 
result of catchment and flow management practices. The 
types of carbon will have a major influence on the nature 
of estuarine foodwebs, so indicators of carbon supply, 
types and processing should also be considered. Potential 
indicators for nutrients and carbon include:
nutrient and carbon load estimates for catchments•	
location of point sources and loads (e.g. stormwater & •	
licensed discharges)
oxic/anoxic depths in sediment•	
water turbidity, suspended solids, chl a, dissolved •	
oxygen
microbial functional diversity•	
TN, TP, NH4, DIP regular measurement in estuarine •	
waters and in freshwaters flowing into estuary
benthic chambers to measure nutrient cycling•	
identification of marine wrack deposits post storm/ •	
high sea (e.g. in the Merricks estuary)
jelly fish blooms (e.g. observed in Albert)•	
Flow
It is self-evident that changing river flows will have effects 
on estuaries downstream, and regulation and direct 
water extraction in most Victorian rivers have reduced the 
amount of flow and changed the seasonal patterns of 
flow. Reduced flows will also affect the timing and extent 
of mouth opening. Low flows can also have negative 
effects on water quality, reducing DO and creating anoxic 
conditions. As one of the proposed major drivers of 
estuarine condition in most conceptual models, indicators 
of flow change and water use in catchments and 
estuaries are essential. Such indicators might include:
presence of large dams, number of farm dams, •	
extraction licences, drainage schemes
ISC flow modification index,•	
actual flows if there is a flow gauge above estuary,•	
upstream extent of estuary,•	
patterns of stratification,•	
mouth opening frequency and duration for •	
intermittent estuaries.
Biological
Algae
The extent, frequency and duration of blooms micro- 
and macro-algae are likely to be closely linked to the 
supply and bioavailability of nutrients (N & P), increased 
water residence time, decreased water circulation, light 
penetration and temperature. Both microalgal and 
macroalgal blooms have been observed in Victorian 
estuaries, usually in spring, summer and autumn, 
presumably after delivery of nutrients to estuary in winter/
spring river flows. There is little current monitoring of 
algal blooms in Victorian estuaries. Possible indicators and 
measurements include:
record scums, water colour, secchi depth•	
water nutrient concentrations, dissolved oxygen •	
concentrations, pH & temperature
chlorophyll a, measurements•	
fixed point photo surveys of intertidal area for •	
quantitative cover and abundance measurements of 
individual species of macroalgae (e.g. Enteromorpha)
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Macrophytes
Macrophytes (larger aquatic plants) are a difficult indicator 
to use for many aquatic systems because we have so 
little information on their historical distribution in most 
of our rivers and estuaries. Many taxa that might occur 
in freshwaters are also naturally excluded from estuaries 
because they cannot tolerate the markedly fluctuating 
salinities typical of estuarine environments. Nonetheless, 
macrophytes need to be considered as indicators of 
estuarine condition because their abundance is relatively 
easy to measure (% cover), they are sessile so trends 
through time are easy to interpret, they have close links to 
sediments and nutrients, and are sometimes considered 
an alternative stable state to water bodies dominated 
by microalgae in the water. Seagrasses are a particular 
group of plants that can be very extensive in estuaries, 
and are known to provide habitat for invertebrates 
and fish (especially larval fish) and a feeding resource 
for some birds (e.g. swans). The major disadvantage of 
macrophytes as indicators of ecosystem condition is our 
lack of knowledge of their links to the main drivers of 
estuarine condition. Useful indicators to be considered 
would include:
spatial extent of seagrasses and other main •	
macrophyte species,
use of macrophytes by other species, especially fish.•	
Macroinvertebrates
Macroinvertebrates are commonly used as indicators 
of health of rivers because they are abundant, highly 
diverse, relatively immobile, reasonably cost-effective if 
the taxonomic resolution is coarse (e.g. family) and can 
be linked to reference conditions for some systems like 
upland streams. It is difficult to assess whether these 
benefits will also hold for macroinvertebrates in estuaries, 
as our limited knowledge suggests diversity is lower, 
abundances are very patchy, and reference estuaries 
are not available for most Victorian estuaries. Potential 
indicators might include:
species diversity and abundance surveys for infauna •	
and epifauna,
standard estimate of burrows on inter-tidal flats,•	
presence/dominance of exotic species.•	
Our view is that macroinvertebrates will not be high 
priority indicators but some common taxa may be useful.
Fish
Fish are a potentially important indicator for estuaries 
because they are considered one of the most important 
assets by most stakeholders. They are also likely to be 
affected by changing water quality (e.g. recent fish kill 
in Surry estuary), and are well known to be sensitive 
to altered flow regimes at different stages of their life 
cycle. For species that migrate between estuaries and the 
ocean, the timing and extent of mouth opening will also 
be critical. Fish also have some advantages as indicators. 
Many species are at the top of the food chain, so they 
may represent accumulated responses from other trophic 
levels, their taxonomy is relatively straightforward, they 
likely occur across a range of estuaries, and can be cost-
effective if recreational anglers and angling clubs can be 
used for data collection. Their mobility is a disadvantage, 
as responses may not reflect local or upstream conditions, 
and they can be cost and labour expensive to sample 
(if not linked through recreational fishing activities) and 
might require specialist expertise. Potential indicators 
might include:
species diversity and abundance surveys, including •	
different life cycle stages (e.g. recruitment),
eel fisheries catch records,•	
fishing competition records of size and species records,•	
recreational creel surveys,•	
presence/dominance of exotic species,•	
assessment of habitat connectivity at critical times, •	
survey of species with known specific habitat needs,•	
process-based indicators, e.g. recruitment, spawning.•	
Birds
Like fish, waterbirds are often considered by the 
community to be a good indicator of the condition of 
estuaries and a desirable attribute of coastal wetlands. 
Their links to the main drivers are less well known. Local 
activities (e.g. recreational or commercial activities near 
urban centres) can easily disturb birds behaviour and 
cause them to stop feeding or reproducing, and many 
species will require certain water depths and habitats 
(substrata, vegetation) for feeding and nesting and will 
therefore be affected by flows and state of the mouth. 
Their advantages as indicators are similar to those listed 
for fish, although local birdwatching groups could be 
used for monitoring instead of recreational anglers and 
clubs. Their disadvantages are also similar, including 
their mobility making links to local impacts difficult. An 
additional disadvantage is that we might expect a long 
time-lag in their response, especially for breeding. Birds 
are also subject to strict animal ethics legislation which 
will limit intrusive data collection, such as dietary analyses. 
Potential indicators might include:
observation of habitat usage•	
Birds Australia amateur surveys of species presence and •	
number,
aerial surveys at important migratory times, •	
nesting and dietary surveys,•	
survey of species with known specific habitat needs.•	
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Habitat
Wetlands
Many estuaries are associated with fringing coastal 
wetlands and, unfortunately, our ecological knowledge 
of these wetlands is relatively poor. Nonetheless, these 
wetlands are likely to be affected by flow regimes and 
water quality, the patterns of estuary mouth opening, and 
any human activities in proximity to the estuary. They are 
also used by waterbirds and by fish (when connected to 
the estuary or river) and wetlands are usually considered 
highly productive and often highly biodiverse aquatic 
ecosystems. Some indicators of wetland habitat might 
include:
records of fixed (GPS) marker inundation on a regular •	
basis,
historical & long term assessment of wetland extent •	
(aerial photos, satellite with ground truthing), 
EVC assessment,•	
species (birds and macrophytes) identity and extent •	
surveys,
presence/dominance of exotic plant species.•	
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Name Affiliation
Emma Murray Australian Geoscience
Graeme Jeffrey & Kylie Bishop Glenelg Hopkins CMA
David Tiller & Dianne Rose EPA Victoria
Denise Lovitt, John Turner, David May, Greg Peters, Kate Wynn Corangamite CMA
Michelle Dickson, Tanya Cowell West Gippsland CMA
Ken Judd, Becky Hemming East Gippsland CMA
Rhys Coleman Melbourne Water
Frances Northeast, Donna Groves Surf Coast Shire
Michael Coates, Laurie Laurenson, Helen Arundel, Daniel Ierodiaconou,  
Alistair Becker, Kimberley James, Janet Gwyther
Deakin University
Jon Hinwood Monash University
Mick Keough, Nichole Barbee Melbourne University
Geoff Bourgess Waterwatch (Kennett River)
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The project team coordinated, in conjunction with 
Melbourne Water, a one-day forum (August 2007) 
involving natural resource managers of estuaries in 
Victoria and key estuarine researchers. This forum 
discussed research and management priorities for 
Victorian estuaries and, based on outcomes from the 
workshop and follow-up feedback from managers, 
developed the following priority projects as follows
Effects of freshwater flows on the distribution and •	
ecological functioning of estuarine ecosystems.
Indicators of estuarine condition.•	
Addressing knowledge gaps for the effective •	
application of the Estuary Entrance Management 
Support System.
Ecological functioning of estuaries:  the importance of •	
links between estuaries, catchments and the sea.
Conceptual models for estuary function: development •	
of a Victorian index of estuarine condition. 
Appendix 4: Priority research areas
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Deakin University was contracted by the National Land 
and Water Resources Audit (NLWRA) to undertake the 
following tasks.
Develop a draft resource condition report card for 1. 
estuarine natural resources that is flexible enough to 
report on estuarine ecological condition: 
•	 with	differing	levels	of	available	information;	and	
•	 at	regional,	state	and	national	levels.
Communicate the findings and learnings to the Audit 2. 
and at a national estuarine forum, held in Brisbane in 
March 2008.
A final report has been submitted to the NLWRA 
(Arundel, Barton, Becker and Quinn 2008 Reporting 
on the Environmental Condition of Victorian Estuaries 
– a discussion paper), which recommends an eight 
step process for the development of report carding for 
Victorian estuaries. The steps are as follows
Develop conceptual model,•	
Collate existing data about the estuary – this includes •	
any existing management objectives for the estuary 
and biological and physicochemical information. The 
level of confidence in the data collated will also be 
noted, 
Identify and score the assets,•	
Identify and score the threats to the assets,•	
Score the level of association of each threat to each •	
asset, 
Score or note the vulnerability of an estuary to a •	
particular threat,
Calculate the risk to the assets from the threat,•	
Describe the condition of the estuary. •	
The report highlights the need for a framework, 
analogous to the Index of Stream Condition, for 
measuring ecological condition/health of estuaries in 
South Eastern Australia.
Appendix 5: Report cards for Victorian 
estuarine condition
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